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Abstract
The L1d computational fluid dynamics code is used to model numerous shock tunnel
facilities worldwide. A number of free-piston driven shock tunnel facilities, such as the
T4 Stalker tube at the University of Queensland, utilises a piston-braking system to
prevent facility damage. However, the braking system may have some effects on the
piston dynamics during operation. The L1d code currently does not account for the
brake dynamics and the friction force created through the piston-brake interface. It was
hypothesised that including this may lead to more accurate predictions, which would
benefit any institution that models shock tunnel facilities using a piston-brake system.
This thesis developed a numerical model to understand the piston-brake dynamics. The
model was validated against L1d for a configuration neglecting brake dynamics. The
model was then used with brake dynamics to investigate the effect on piston motion for
numerous shock tunnel flow conditions and friction coefficient configurations. Simulations
suggested that the friction force generated by the brakes had a slight effect on the piston
motion, but was too insignificant to warrant including it in the L1d code.
Acknowledgements
I would like to thank my supervisors, Dr. David Gildfind and Dr. Peter Jacobs, first and
foremost. The patience both of you have shown and your guidance has helped tremen-
dously over the course of this long year. Hopefully this work will be of some use to the
both of you.
Furthermore, my family and friends have my undying gratitude for their support and
assistance. Special thanks to Nick Guerrini for putting up with my countless ramblings
on friction and Python, and Jay Cummings for the quality banter.
And thanks to my grandfather for the genuine interest he showed during my undergraduate
studies. I’m sorry I couldn’t get this done before you passed, but I know you would have
been proud.
Contents
1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis Motivation and Aim . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2 Shock Tunnel Facilities 7
2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 The T4 Stalker Tube, Australia . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 HEG, Germany . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 T5, USA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.5 T6 Stalker tunnel, Britain . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3 Modelling using L1d 10
3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Numerical Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 l script . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.4 Simulations of Shock Tunnel Facilities . . . . . . . . . . . . . . . . . . . . . 14
i
4 Brake System 16
4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2 Brake Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3 System Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.4 Force Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.4.1 Rear contact between brake and piston . . . . . . . . . . . . . . . . 20
4.4.2 Normal forces due to brake deformation . . . . . . . . . . . . . . . 21
4.4.3 Friction forces on brakes . . . . . . . . . . . . . . . . . . . . . . . . 23
5 Piston Driver Numerical Model 25
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2 Numerically Modelling Friction and Rigid Bodies . . . . . . . . . . . . . . 26
5.3 Piston Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.3.1 Before Diaphragm Rupture . . . . . . . . . . . . . . . . . . . . . . 29
5.3.2 After Diaphragm Rupture . . . . . . . . . . . . . . . . . . . . . . . 31
5.4 Brake Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
5.5 System Equations of Motion . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.6 Validation of Brake-Feedback-Free Model . . . . . . . . . . . . . . . . . . . 38
5.7 Dynamics of Piston-Brake Model . . . . . . . . . . . . . . . . . . . . . . . 45
5.8 Brake Friction Feedback Investigation . . . . . . . . . . . . . . . . . . . . . 47
6 Conclusion 52
ii
Appendices 57
A l script data flow diagrams 58
B Piston schematic 59
C Piston-brake dynamics secondary case 61
D Brake friction feedback further studies 64
E Piston-brake numerical model 70
iii
List of Figures
1.1 Schematics of a shock tunnel in operation (taken from [1]) . . . . . . . . . 2
1.2 The three different types of piston motion (taken from [2]). The subscript
m is for the point at which the piston acceleration is zero . . . . . . . . . . 4
1.3 An example diagram of a brake that can be found in a free-piston driver
(adapted from [3]). This fits into a concentric groove around the piston
and slides axially along the piston according to inertia. . . . . . . . . . . . 5
2.1 The T4 Shock Tunnel from UQ . . . . . . . . . . . . . . . . . . . . . . . . 8
3.1 Forces acting on the piston as per the L1d formulation . . . . . . . . . . . 12
3.2 A Lagrangian cell used in the L1d formulation . . . . . . . . . . . . . . . . 13
4.1 The brakes are of a wedge shape, and sit in the tapered groove of the piston
with the exposed face in (a) in contact with the piston . . . . . . . . . . . 17
4.2 An example brake trajectory in terms of brake height. As the brake is
wedged and compressed against the tube wall, friction forces it back . . . . 18
4.3 Defining the geometry for the piston-brake system . . . . . . . . . . . . . . 18
4.4 Modelling of the brake dynamics during piston motion . . . . . . . . . . . 20
4.5 Motion and compression of the brake. (a) and (b) are defined to be un-
compressed, while (c) experience compression and generates normal forces. 21
iv
4.6 A closer look at the brake forces . . . . . . . . . . . . . . . . . . . . . . . . 22
5.1 Different versions of Coulomb’s law . . . . . . . . . . . . . . . . . . . . . . 27
5.2 Stages of operation of a free-piston driver (adapted from [2]) . . . . . . . . 29
5.3 (a) Vp > 0 and Vb − Vp > 0 and (b) Vp > 0 and Vb − Vp < 0 . . . . . . . . . 36
5.4 Brake-free numerical model validation test for condition 1 . . . . . . . . . . 41
5.5 Brake-free numerical model validation test for condition 2 . . . . . . . . . . 41
5.6 Brake-free numerical model validation test for condition 3 . . . . . . . . . . 42
5.7 Brake-free numerical model validation test for condition 4 . . . . . . . . . . 42
5.8 Brake-free numerical model validation test for condition 5 . . . . . . . . . . 43
5.9 Brake-free numerical model validation test for condition 6 . . . . . . . . . . 43
5.10 Change in the brake height versus time, using µp = 0.1 and µt = 0.4 . . . . 45
5.11 The relative velocity between the brake and piston versus time, using µp =
0.1 and µt = 0.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.12 Behaviour of the friction force Ff2x versus time, using µp = 0.1 and µt = 0.4 46
5.13 Comparison of the friction feedback on the piston and the piston accelera-
tion versus time, using µp = 0.1 and µt = 0.4 . . . . . . . . . . . . . . . . . 46
5.14 Velocity difference at primary diaphragm rupture for varying µp and µt,
using condition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.15 Velocity difference at primary diaphragm rupture for µp = 0.05 and varying
µt, using condition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.16 Velocity difference at primary diaphragm rupture for µp = 0.1 and varying
µt, using condition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
v
5.17 Velocity difference against piston position µp = 0.1 and µt = 0.1, using
condition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.18 Velocity difference against piston position µp = 0.1 and µt = 0.2, using
condition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.19 Velocity difference against piston position µp = 0.1 and µt = 0.3, using
condition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.20 Velocity difference against piston position µp = 0.1 and µt = 0.4, using
condition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.21 Velocity difference against piston position µp = 0.1 and µt = 0.5, using
condition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
A.1 Data flow in the l script process from the initial input parameter file . . . . 58
A.2 Data flow in the l script process from the initial and generated parameter
files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
B.1 A detailed schematics of the piston used in the T4 shock tunnel . . . . . . 60
C.1 Change in the brake height versus time, using µp = 0.0.35 and µt = 0.2 . . 61
C.2 The relative velocity between the brake and piston versus time, using µp =
0.0.35 and µt = 0.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
C.3 Behaviour of the friction force Ff2x versus time, using µp = 0.0.35 and
µt = 0.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
C.4 Comparison of the friction feedback on the piston and the piston accelera-
tion versus time, using µp = 0.0.35 and µt = 0.2 . . . . . . . . . . . . . . . 63
D.1 Velocity difference against piston position µp = 0.1 and µt = 0.1, using
condition 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
vi
D.2 Velocity difference against piston position µp = 0.1 and µt = 0.2, using
condition 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
D.3 Velocity difference against piston position µp = 0.1 and µt = 0.3, using
condition 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
D.4 Velocity difference against piston position µp = 0.1 and µt = 0.4, using
condition 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
D.5 Velocity difference against piston position µp = 0.1 and µt = 0.5, using
condition 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
D.6 Velocity difference against piston position µp = 0.1 and µt = 0.1, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar &
65.52% He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
D.7 Velocity difference against piston position µp = 0.1 and µt = 0.2, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar &
65.52% He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
D.8 Velocity difference against piston position µp = 0.1 and µt = 0.3, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar &
65.52% He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
D.9 Velocity difference against piston position µp = 0.1 and µt = 0.4, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar &
65.52% He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
D.10 Velocity difference against piston position µp = 0.1 and µt = 0.5, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar &
65.52% He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
vii
List of Tables
5.1 T4 model geometry parameters . . . . . . . . . . . . . . . . . . . . . . . . 39
5.2 Ideal gas parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
5.3 Test conditions used for model validation . . . . . . . . . . . . . . . . . . . 40
viii
Chapter 1
Introduction
1.1 Background
As with any engineering project, the development of aerospace vehicles and components
require rigorous testing. However, going forward with a full-scale prototype without
proper validation can be an expensive and risky endeavour. Thus, in order to achieve the
end-goal of a full-scale flight test, experiments on scaled down prototypes are carried out
— a cheaper and more time efficient method to validate the project design and reveal
useful information and problems at a lower risk.It was for this purpose that ground based
testing facilities known as wind tunnels were constructed. As technology and research
advanced, higher airstream velocities were required. One particular field this applied to
was the research of hypersonic airbreathing vehicles, known as scramjets. Conventional
wind tunnels were limited by the airstream velocity they could deliver, as the power
and temperatures required became exceptionally large [4]. In order to move into the
sub-orbital regime, with airstream velocities greater than 2.5 km/sec, shock tunnels were
developed [4].
The are two types of facilities that fall under the definition of a “shock tunnel”: reflected
shock tunnels and expansion tunnels. These two facilities share a similar operational
concept but differ in how they generate the test flow.
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A reflected shock tunnel generally consists of a compression tube containing the driver
gas, a shock tube containing the test gas, and a dump tank which houses the test model,
as seen in Figure 1.1. Diaphragms are used to separate the different sections. The driver
gas is compressed to a high pressure, most commonly by means of a piston, until it reaches
the rupture pressure of the primary diaphragm. The large difference in pressure between
the compressed driver gas and the test gas creates a shock wave which propagates down
the length of the shock tube. The shock wave processes the test gas, both compressing
and heating it as well as imparting a positive velocity towards the end of the shock tube.
The shock wave then reflects off of the end of the shock tube, rupturing the secondary
diaphragm. The reflected shock again processes the test gas as it traverse the shock
tube back to the beginning. This stagnates the test gas, which then expands into the
dump tank; however, the test flow only remains in a steady conditions for a matter of
milliseconds [4].
Figure 1.1: Schematics of a shock tunnel in operation (taken from [1])
An expansion tube can be considered somewhat more complex in it’s construction. In
addition to a compression and shock tube, it typically features an acceleration tube before
the dump tank, and can even have a secondary compression, or driver, tube. Like the
reflected shock tunnel, a driver gas is compressed until it ruptures a diaphragm and
expands into the next tube. This continues through tubes containing different gasses
and pressures, until reaching the low pressure acceleration tube, where the test gas is
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accelerated into the dump tank.
Properly modelling the flow conditions in shock tunnel operation can be a complex process.
While it is possible to measure parameters at some points using discrete instrumentation,
it is not always practical. The use of physical measuring instruments can easily disrupt
the test flow, thus altering the conditions that the test model encounters. For instance,
mounting a pitot probe in front of a scramjet would interfere with the intake flow. To
overcome this problem, the facilities are modelled in computer simulations using com-
putational fluid dynamics (CFD). The use of CFD greatly increases the amount of data
available to researchers. It can predict how the flow behaved during a test, or predict the
results for an experiment. In addition, these simulations can assist in the commissioning
of new shock tunnels, or design of a new flight condition.
The University of Queensland currently utilises the L1d3 program, a quasi-one-dimensional
CFD model, to simulate the processes occurring up until expansion of the flow into the
test chamber. Employing full CFD simulation in three dimensions is impractically ex-
pensive in terms of time and computational resources. Thus, the general practice is to
use a one-dimensional approximation for the shock tube processes, while using a two- or
three-dimensional simulation for the flow in the nozzle and test chamber. As each stage
of operation potentially affects the flow response, the processes need to be understood
and modelled appropriately. Not only does this include the gas dynamics, such as viscous
effects, but also the piston dynamics, as this is known to have significant influence over
the actual flow conditions of the tunnel [5].
Of primary interest to this thesis is the piston dynamics in the compression tube. There
are three possible types of trajectories that a piston can follow after diaphragm rupture.
These can be defined as ‘soft landing’, ‘direct impact’, and ‘piston rebound’, shown in
Figure 1.2 [2]. Following rupture, the pressure force acting on the upstream face of the
piston is still large. However, it is possible for the driver gas pressure to be greater,
thus sending the piston back upstream until the air reservoir pressure is great enough
to accelerate it into the downstream wall — this is the piston rebound condition and is
highly undesirable.
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Figure 1.2: The three different types of piston motion (taken from [2]). The subscript m
is for the point at which the piston acceleration is zero
The remaining two conditions are similar. The piston may be brought to some interme-
diary velocity where the acceleration of the piston is zero. The remaining air reservoir
pressure acting on the piston may then accelerate it into the end of the tube. However,
if the piston is brought to rest at this point (i.e. zero velocity), a buffer can be used to
support the piston against the pressure acting on its upstream face [2] — the soft landing
condition. Thus, ideally the soft landing condition is targeted for piston operation in
order to prevent damage to the facility.
In order to entirely prevent the possibility of a piston rebound impact on the tube end,
brakes (see Figure 1.3) can be installed on the piston. Using inertia, once the piston experi-
ences significant negative acceleration (i..e acceleration in upstream direction), the brakes
would slide forwards and become wedged between the piston and tube wall. The fric-
tional force imparted onto the piston would act to prevent any movement in the upstream
direction. This system is used in the T4 Stalker tube at the University of Queensland, as
well as several facilities worldwide.
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Figure 1.3: An example diagram of a brake that can be found in a free-piston driver
(adapted from [3]). This fits into a concentric groove around the piston and slides axially
along the piston according to inertia.
1.2 Thesis Motivation and Aim
The L1d3 code used at the University of Queensland does not currently account for the
full piston dynamics occurring when brakes are installed in the piston. As differences have
been observed between L1d3 simulation data and experimental results, it is hypothesised
that the lack of brake dynamics in the simulation may have a part to play in this. By
implementing a model to account for the brake dynamics, the L1d3 code can potentially
be improved and produce data of a closer fit to experimental data. This would not only
benefit the University of Queensland and their T4 Stalker tube, but also any other facility
that uses an inertial piston-brake system.
The aim of this thesis was to first develop a physical model of the forces acting on the
piston-brakes. Using this, a numerical model was to be developed that would solve for
the coupled piston and brake dynamics. The numerical model was then to be used in an
investigation of the effects that the brake dynamics had on the piston motion in order to
ascertain the significance of it. If the brakes were found to be having a significant effect,
the numerical model could be incorporated into the L1d3 code in order to improve its
accuracy.
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1.3 Thesis Structure
The thesis structure is as follows:
• Chapter 1 introduces the background to the thesis and establishes the motivation
and aim;
• Chapter 2 provides further background on various shock tunnel facilities that utilise
a piston-brake system;
• Chapter 3 details the L1d code and provides a review of a study on a comparison
of how L1d models different facilities;
• Chapter 4 focuses on the design of the piston-brakes and provides a force analysis
of the system;
• Chapter 5 delves into the numerical model, analysing both the piston and brake
dynamics, and how friction is modelled. A validation study is done of the numerical
model and an investigation into the effect of brake friction during piston motion is
performed;
• Chapter 6 concludes the thesis and provides ideas on further studies; and
• The appendices contain all material relevant to the thesis that cannot be included
in any of the chapters.
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Chapter 2
Shock Tunnel Facilities
2.1 Overview
Due to the vital role shock tunnels play in aerospace research, it is to be expected that
there are many facilities across the world. They can range in size and mass, producing
different air flow conditions. This chapter aims to explore the different facilities worldwide
that use a brake mechanism in their pistons in order to demonstrate the relevance of the
research of this thesis.
2.2 The T4 Stalker Tube, Australia
The T4 Stalker tube at the University of Queensland was built under an ARC grant to
study hypersonic combustion and propulsion conducted by Stalker and Morgan in 1987
[6]. Previously, the T3 free piston shock tunnel at the Australian National University
in Canberra was the only facility available, and all early research into hypersonic flows
was conducted by travelling to use the ANU shock tunnel [4]. The construction of the
T4 Stalker tube gave UQ researchers a higher performance and readily-available ground
testing facility. Since its unveiling in April 1987, it has had several refurbishments and
modifications [6][1]. It has undergone much use during it’s almost 30 years of service at
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UQ, and its 10,000th shot was celebrated in August of 2008 [7].
Figure 2.1: The T4 Shock Tunnel from UQ [8]
Referring to Figure 2.1, the facility comprises of a compression tube of 26m in length,
containing a 90.4 kg free piston equipped with brakes [8], a shock tube of 10m in length,
and a dump tank [1]. The air reservoir wraps concentrically around the compression tube,
and is used to initially accelerate the piston. A mild steel plate is used as the primary
diaphragm to initially separate the compression and shock tubes, and a thin Mylar sheet is
used as the secondary diaphragm to separate the shock tube and expansion nozzle/dump
tank [8].
Typically, either a helium or helium-argon mix is chosen as the driver gas, and air as the
test gas [1]. The expanded test flow into the dump tank can mimic the flight conditions
of hypersonic vehicles, and is capable of producing flows between approximately Mach 4
to Mach 10, and a maximum total enthalpy of 15MJ/kg [1].
2.3 HEG, Germany
A particularly large and powerful shock tunnel is the HEG, located in Go¨ttingen, Ger-
many. It has a compression tube length of 33m and a shock tube length of 17m, with a
total weight of 280 tonnes [9]. It was constructed over the course of 1989 to 1991 [9], and
was initially used in research for the European HERMES shuttle project [10]. In years
past, it has also been used for a range of projects in the hypersonic flight and space fields
[9].
The HEG uses a free piston driver which can utilise different pistons in a range of masses,
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with the largest being 848 kg and equipped with brakes [9]. This is done in order to
provide several different operating conditions [10]. The HEG can produce flows of Mach
6 to Mach 10, and a maximum total enthalpy of 23MJ/kg [10].
2.4 T5, USA
The T5 hypervelocity shock tunnel is located at the California Institute of Technology,
USA, and first began operation in December 1990 [11]. It is larger than the T4 Stalker
tube, but still smaller than the HEG, measuring 30m and 12m for the compression and
shock tube lengths respectively [11]. A 120kg piston is used to compress the driver gas,
and is equipped with brakes similar to T4 [9]. Like the T4 Stalker tube, it uses mild steel
for the primary diaphragm and mylar for the secondary diaphragm [9].
The T5 facility uses a contoured nozzle with an interchangeable throat to achieve its test
flow velocities [9]. It is designed to operate at a Mach number of 5.2 [9].
2.5 T6 Stalker tunnel, Britain
The T6 Stalker tunnel at the University of Oxford is a relatively new facility that was
commissioned in 2015 [15]. It was built using the piston driver from the T3 reflected
shock tunnel from ANU, and the tubes, nozzle, and test section of the Oxford gun tunnel
from the University of Oxford [15]. The free-piston driver is 9.5m long, and the facility
has two driven tubes, both of which are 8.65m in length, as well as a 7m long shock tube
that couples to one of the driven tubes through an expansion nozzle [15]. In addition,
it appears that the T6 free-piston uses brakes. The T6 tunnel is capable of multi-modal
operation and can function as either a reflected shock tunnel, an expansion tunnel, or a
shock tube [15]. Each is capable of different airstream velocities and test durations [15].
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Chapter 3
Modelling using L1d
3.1 Overview
The L1d code first began development in the 1990s by Dr Peter Jacobs to assist in the
modelling of shock tunnel facilities [12]. It is currently in its third revision, known as L1d,
however it will be referred to as L1d for the remainder of this thesis. The aim of the L1d
code is simulate shock tunnel facilities for the purpose of defining the test flow in terms of
a flight condition that can be used to analyse corresponding experimental measurements.
Furthermore, it can assist in designing new facilities or flow conditions. The code makes
use of several numerical modelling techniques:
• Rigid-body modelling of the piston mass dynamics [13]
• Quasi-one-dimensional Lagrangian modelling of the gas dynamics. The tunnel fill
gases are divided into gas slugs, which are discretised into a set of control mass
elements [13].
• Standard engineering correlations are used to include viscous effects [13]
The chapter will explain the methodology behind the L1d code, and its applications to
simulation facilities.
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3.2 Numerical Modelling
To explain in more detail, the facility to be modelled is divided into its constituent parts,
• Piston
• Gases
• Diaphragms
Boundary conditions are imposed on either end of the tunnel in the form of fixed wall,
free end, fixed-velocity end conditions, and more. Changes in the tunnel diameter, such
as transition from the compression tube to the shock tube, are defined as break-points
in the input parameters. At the core of the modelling scheme is a predictor-corrector
time-loop that is used to advance the system by a small time increment at each step [13].
In order to move from time step n to n+ 1 the following is done:
U (p) = U (n) + ∆t
dU (n)
dt
U (n+1) = U (n) +
∆t
2
(
dU (p)
dt
+
dU (n)
dt
)
Where the superscript (p) is used for the predictor result. dU
dt
indicates the rate of change
of the parameter such as piston position, piston velocity, cell interface position, or cell
momentum [13].
Piston
To model the piston dynamics, it is assumed to have a fixed mass, length, and frontal area
[13]. Its centroid position and velocity are calculated through the differential equations
taken from [13],
d
dt
xp = Vp
d
dt
Vp =
1
mp
[Ap(PB − PF ) + Ff ]
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With xp its centroid position, Vp its centroid velocity, mp the piston mass, Ap the piston
frontal area, PB and PF the back and front pressures acting on the piston respectively,
and Ff the frictional force acting on the piston. The frictional force is due to the seal at
the front face of the piston [13]. The current L1d code, in its simulation of the T4 shock
tunnel, does not account for brake dynamics [13]. Figure 3.1 describes the forces acting
on the piston according to the L1d formulation.
Figure 3.1: Forces acting on the piston as per the L1d formulation [13]
Gases
The gases are separated into the following slugs: the volume of compressed air upstream
of the piston, the driver gas, the test gas, and the volume of low pressure gas immediately
downstream of the secondary diaphragm. Each slug is then discretised into several control
mass elements, hereby referred to as cells, as per a Lagrangian scheme [13]. Cell movement
is restricted to one dimension and any variation in the tube cross-sectional area is modelled
as gradual to prevent errors in the modelling [13]. For example, the sudden contraction
from the compression tube to the shock tube is modelled as a gradual change [13]. Figure
3.2 describes the formulation of cells and interfaces in the tube.
It is noted that the L1d code does not model the gas boundary layer along the tube walls;
it optionally includes some effects through wall shear stress terms in the momentum
equation formulation of the code [13].
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Figure 3.2: A Lagrangian cell used in the L1d formulation [13]
The Lagrangian scheme defines the local flow velocity as the velocity at the cell interfaces,
seen in Figure 3.2, as follows with u as the local flow velocity and x as the interface position
[13],
dxj±1
dt
= uj±1
The average density of a cell is also defined as,
ρj =
mj
Aj (xj+1 − xj−1)
Where A is used for the average duct area, and m is used for the cell mass [13].
Diaphragms
The diaphragms are modelled as a simple binary variable with ‘intact’ or ‘burst’ states
[13]. Each diaphragm has an associated burst pressure and an x-location in the simulated
tube that are defined in the input parameters. Once the upstream gas pressure has reached
or surpassed this value, the diaphragm state is changed to ‘burst’. This triggers a change
in the boundary conditions between the two previously separated gas slugs and allows
interaction between the two[13].
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3.3 l script
A format, known as l script, to describe the simulation parameters in a Python file was
developed by Jacobs in 2005 [14]. This newer process is considered more user-friendly
and intuitive in comparison to the previous method. To begin with, the user creates a
python job file that describes the facility and gas slugs. The l script program then uses
this job file to generate an input parameter file which is further used to generate files for
the tube description and initial flow solution [14]. This can be seen in the data flow shown
in Figure A.1 in the Appendix. The L1d executable then uses the input parameters, tube
description, and initial flow solution to produce the simulated flow data, as shown in
Figure A.2 in the Appendix.
3.4 Simulations of Shock Tunnel Facilities
As stated in Chapter 1, the purpose of this thesis is to attempt to improve the L1d code
by formulating and validating a model to describe the braking of the free piston driver.
This may prove beneficial to not only the University of Queensland’s T4 Stalker tube,
but a range of other facilities worldwide that also use, or have in the past used, the L1d
code. These include:
• T-ADFA, Australia [5]
• T6 Stalker Tunnel, England [15]
• HET, USA [16]
• HEG, Germany [17]
• HELM, Germany [18]
• IISc Chemical Kinetics Shock Tube, India [19]
Mundt et al reported on the results of using the L1d code to model the T-ADFA, T3
(decommissioned for use in T6 [15]), T4, and HEG facilities in [5]. Across the four
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facilities, the L1d code was found to predict the shock speeds and gas pressures quite well.
However, there were some discrepancies noted. Simulations for T-ADFA and T3 showed a
disagreement between simulation and experimental pressure traces for a small time period
after the incident shock arrival. The simulated trace showed a drop in pressure due to
expansion waves caused by the interaction of the contact surface and reflected shock wave
[5]. The authors believe that this suggests that the interaction was not properly modelled
[5]. Further on in time, the simulated and experimental traces appear to have good
agreement which shows some evidence that the piston dynamics were properly modelled
[5]. Minor differences between the simulation and experimental shock speed values were
also noted. The simulation of T-ADFA predicted a 6% higher shock speed than was
measured [5]. The T4 simulation had varying agreement, with predicted shock speeds
being lower than experimental values by 10% closer to the beginning of the tube, and 2%
towards the nozzle supply region [5]. The authors believed these disagreements were due
to the simulation not taking into account boundary layer formation [5].
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Chapter 4
Brake System
4.1 Overview
The University of Queensland Centre for Hypersonics makes use of several facilities, in-
cluding the T4 Stalker tube, which is the primary focus of the facilities for this thesis.
As previously mentioned in Chapter 2, this facility is a free-piston driven reflected shock
tunnel that has been in use since its commission in 1987 [6]. The T4 Stalker tube makes
use of a piston-braking mechanism to prevent the free-piston from being accelerated back
up the compression tube from the driver gas pressure. The brakes use the inertia when
the piston experiences significant deceleration to slide into contact with the tube wall,
wedging between the piston and wall. However, as the piston experiences deceleration
before diaphragm rupture, this implies the brakes will alter the piston dynamics before
rupture. This has not been properly investigated to find the effects on the resulting gas
dynamics. Thus, this chapter will detail the design of the brakes and seek to analyse the
forces acting on the system.
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4.2 Brake Design
There are a total of eight brakes installed on the free-piston of the T4 Stalker tube. They
are constructed as four equal segments of a ring, that then sit inside a tapered groove
machined into the piston body and are shown in Figure 4.1; this gives two concentric
rings of brakes on the piston in two separate grooves (see Figure B.1 in the Appendix).
The two sets of four brakes are restrained from sliding in the tapered groove by means of
an elastic band.
(a) (b)
Figure 4.1: The brakes are of a wedge shape, and sit in the tapered groove of the piston
with the exposed face in (a) in contact with the piston
Ordinarily, they are restrained to the back of the groove where they cannot make contact
with the tube wall surface. However, when the piston experiences significant backwards
acceleration, the inertia of the brakes carries them up the groove where the external brake
pad surface makes contact with the tube wall. The brake dynamics depend on the values
of the coefficients of friction at the two contact surfaces (tube wall and piston). For
example, generally the tube wall contact will have a larger friction coefficient, and thus
it would be expected that, for positive piston velocity, the brakes would be continually
flung back from contact with the tube wall until the piston deceleration can overcome
this. This is shown in Figure 4.2 as an example of a possible brake trajectory in terms of
brake height.
The brakes are constructed of an aluminium alloy. The interior surface that makes contact
with the piston has a Teflon coating, the static coefficient of friction of which can be
conservatively estimated to be 0.1 [3]. The external surface features a brake pad lining
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Figure 4.2: An example brake trajectory in terms of brake height. As the brake is wedged
and compressed against the tube wall, friction forces it back
made from a semi-flexible friction material that contains copper wire to enhance heat
dissipation [3]. Material properties data provides values of the coefficient of static and
dynamic friction of 0.45 and 0.42 respectively, for cold conditions [3]. It is noted that
the material data states lower ultimate allowables than are expected to be experienced in
operation of the T4 Stalker tube [3].
4.3 System Geometry
Figure 4.3: Defining the geometry for the piston-brake system
The geometry of the piston-brake system is as defined in Figure 4.3. The x coordinates
of the brake and piston are taken from the start of the compression tube, where the
subscripts b and p refer to the brake and piston respectively. xb is taken up to the rear
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of the brake, and xp is taken up to the rear of the piston. The y coordinate for the brake
is taken from the lowest point of the groove, where yb is taken to the external brake pad
surface and is defined as,
yb = (xb − xp) tan θ +Hb (4.1)
The incline of the groove is defined as θ. The groove has a length of Lslot, and the distance
between the tube wall and the lowest point of the groove is defined as yt. The brake has
a length Lb and a maximum height of Hb.
It is noted that the location of the groove in the piston in the system is arbitrary, and
does not have to match that of the real system. Instead, the system can be considered
as having only “one brake”, where the resulting force(s) acting on the piston is then
multiplied by a factor of eight to achieve the full brake forcing effect. Thus, the length of
the piston body separating the rear of the piston and the rear of the brake groove can be
taken to be an infinitely thin strip.
4.4 Force Analysis
In order to proceed with the analysis, some assumptions must be made to simplify the
problem:
• The mass of the brake(s) is assumed to be negligible when calculating the normal
force applied between an individual brake and the piston; it is still used in calculating
the inertial force during piston deceleration. In addition, the restraining elastic band
will supply negligible force onto the brake(s).
• The piston is assumed to be flush with the tube wall. While there will be some
small amount of clearance, however this can be considered small and insignificant.
• There is no curvature between the contacting surfaces. That is to say, there is no
curvature in the brake, piston, or tube surfaces.
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During tunnel operation, the piston initially has a region of high pressure air behind it
and a region of low pressure driver gas ahead of it. The pressure difference causes the
piston to be accelerated forwards. These pressures can be resolved into the forces for
the air reservoir and driver gas as Fres and Fdrv respectively, as seen in Figure 4.4. In
addition, there is a friction force acting on the piston due to the seal at the front face.
Figure 4.4: Modelling of the brake dynamics during piston motion
4.4.1 Rear contact between brake and piston
The sudden acceleration ‘presses’ the brake against the piston groove wall by means of
inertia, leading to a contact, or impact, force between the two bodies. This contact can be
described by a spring-damper system, with arbitrary stiffness k1 and damping coefficient
c. This contact force would only be used when there is contact (or horizontal compression)
between the brake and piston, leading to a piecewise function as seen below,
Fc =

−k1(xb − xp)− c(x˙b − x˙p) if xb − xp < 0
0 otherwise
(4.2)
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4.4.2 Normal forces due to brake deformation
The normal forces acting on the brake can be related to the (vertical) compression of the
brake using the definition of yb. Compression from the tube wall will occur when yb > yt,
as seen in Figure 4.5.
Figure 4.5: Motion and compression of the brake. (a) and (b) are defined to be uncom-
pressed, while (c) experience compression and generates normal forces.
This will give rise to the normal forces FN1 and FN2. In analysing these two forces, an
expression for FN2 in terms of FN1 can be derived. To begin with, the vertical components
of both forces must cancel each other in order to satisfy the brake’s motion (see Figure
4.6). In other words,
FN1,y + FN2,y = 0 (4.3)
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Where the y subscript indicates the component in the y-axis. Using trigonometry,
FN2,y = FN2 cos θ = −FN1 (4.4)
Or,
FN2 =
−FN1
cos θ
(4.5)
Then, the x-component of FN2 can be defined (ignoring sign for now) as,
FN2,x = FN2 sin θ = FN1 tan θ (4.6)
These new definitions are shown in a more detailed look at the brake forces in Figure 4.6.
Figure 4.6: A closer look at the brake forces
The calculation of the normal forces can be done using Hooke’s law. Defining a vertical
stiffness coefficient as k2, FN1 can be expressed as a piecewise function depending on the
height of the brake,
FN1 =

k2(yb − yt) if yb > yt
0 otherwise
(4.7)
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4.4.3 Friction forces on brakes
The Coulomb law of friction was used to calculate the friction forces Ff1 and Ff2, being
the most practical and common formula for friction. It’s simplest form is given as,
Ff = −sgn(v)FNµ (4.8)
Where v is the relative velocity at the contact point, and µ is the coefficient of friction.
Essentially, the friction force is bounded in magnitude by the normal contact force times
the coefficient of friction, and acts in the opposite direction of velocity at the contact
point.
However, it can be seen that this has an obvious problem at v = 0. For instance using
Equation 4.8 to define Ff1 and Ff2, and assuming a case where Fc is zero, the relative
velocity at the contact points for the two friction forces is zero, and the acceleration of
the brakes are zero,
0 =
1
m
(−FN2,x − sgn(0)FN1µt − sgn(0)FN1µp) (4.9)
However, this can only hold for FN2,x = 0, using the standard definition of sgn(0) = 0.
Thus, the friction force needs to be redefined to account for a zero velocity contact. This
can be done by using the concept of differential inclusions in a redefinition [22] of sgn(v):
sgn(v) =

{+1} if v > 0
[−1,+1] if v = 0
{−1} if v < 0
(4.10)
That is, if v = 0, the friction force should be allowed to take any value in the range
[−µFN ,+µFN ]. In terms of the system being discussed, this can be alternatively stated
in the following. The maximum magnitude of the frictional force is,
|Ff |max = FNµ (4.11)
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Then, defining Fapplied as the sum of all other applied forces,
Ff =

−sgn(v)|Ff |max if (|v| > 0)
−sgn(Fapplied)|Ff |max if (v = 0 and |Fapplied| >= |Ff |max)
−Fapplied if (v = 0 and |Fapplied| < |Ff |max)
(4.12)
Thus, an ODE representing the brake dynamics can be constructed using Equations 4.2,
4.6, and 4.12. Noting that only the x-component of the friction force Ff2 will affect
x-motion of the brake,
d2xb
dt2
=
1
m
(Fc − FN2,x − Ff1 − Ff2,x) (4.13)
using the sign convection used in this section.
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Chapter 5
Piston Driver Numerical Model
5.1 Overview
A numerical model describing the piston and brake dynamics was created using Python.
This was done to predict the motion of the bodies and forces experienced during the
compression phase of shock tunnel operation, and to establish what effect the brakes had
on the piston motion. The model approximates the piston as a rigid body and the brakes
as quasi-rigid bodies — using the rigid body equation of motion but also accounting for
the forces experienced during the horizontal and vertical compression. While the brakes
may be better modelled as elastic bodies due to the fact they undergo deformation, this
introduces a level of complexity that is not needed at this stage.
The piston dynamics of the model were based on the analysis of a free-piston driver by
Hornung [20], which is detailed in Section 5.3 of the present chapter. A validation of the
model, ignoring brake dynamics, was completed by using the geometry of the T4 Stalker
tube and investigating several arbitrary conditions used in the facility. The numerical
model solutions were compared with an equivalent model developed using L1d.
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5.2 Numerically Modelling Friction and Rigid Bodies
Rigid body models allow systems to be greatly simplified in terms of their analytical and
computational complexity by ignoring deformation and elastic oscillations. However, this
is an approximation to reality, as there is no body that can be considered perfectly rigid.
This includes the case of the brakes installed in the piston of a free-piston driver; as they
wedge between the piston and tube wall, they experience deformation which leads to the
normal and friction forces discussed in Chapter 4. As it was considered impractical to
model a full elastic body, a simple solution was to ignore the deformation and instead
calculate an applied normal force as a function of a stiffness coefficient and the brake
height, as done in Equation 4.7 of said chapter. While one of the main disadvantages of
the rigid body model is discontinuities in the body’s velocity, this is not expected to be an
issue for the piston-brake system. This is because there are no contact points for either
the piston or brake that will require an instantaneous change in velocity sign. However,
there will be discontinuities due to Coulomb friction in the system.
Coulomb’s law was first published in his The´orie des machines simples (Theory of simple
machines) in the 1780s [21]. Since, it has caused its fair share of controversy, most notably
due to the famous Painleve´ problem which has had an extensive number of papers on it,
including the work of Stewart in [22]. The most basic form of Coulomb’s law can be
summarised in the following two points:
• The magnitude of the frictional force is bounded by the coefficient of friction times
the normal contact force;
• The direction of the frictional force when there is nonzero velocity is opposite the
direction of velocity.
This can be extended to differentiating between the static (no-slip) coefficient of friction
and the dynamic (slip) coefficient of friction, or having the coefficient of friction being a
continuous function dependant on the magnitude of the velocity. These three cases are
shown in Figure 5.1.
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(a) Standard (b) Two-coefficient
(c) Continuously dependant co-
efficient
Figure 5.1: Different versions of Coulomb’s law
The discontinuity located at v = 0 can be a problem with regards to numerical analysis;
as the contact velocity goes through zero, there is a discontinuous jump in the right-hand
side of the ODE given in Equation 4.13 of Chapter 4. One potential solution is to eliminate
the discontinuity by using a regularised Coulomb law — replacing the discontinuous law
with a smooth, continuous one. This has been covered in papers, including [23][24][25].
However, smooth laws generally suffer the detrimental consequence of the frictional force
going to zero as the contact velocity goes to zero, which prevents true stick-slip motion.
As Stewart notes in [22], the discontinuity is important, as when considering a block
placed on a ramp, assuming the tangential forces are not greater than µN , the block will
not move. If a smooth law was used, the block would actually creep down the ramp;
experimental data on dry friction suggests that little to no creep is observed in such
situations [22].
Vigue´ et al [24] implements stick-slip motion in a regularised law by making an appropriate
definition of the movement type. However, the model used becomes highly nonlinear as
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the regularisation stiffness increases and approaches the standard Coulomb law. This
leads to a very stiff system, which can be computationally expensive to solve as noted
by Vigue´ et al [24]. An alternative attempt at a regularised law is given by Quinn in
[25], where at v = 0, the model reduces to a friction description that is identical to
the standard Coulomb law. However, he notes that dynamic systems subject to this
regularised law “can no longer reach a state of sticking in finite times”, and instead
behave with exponential decay around the v = 0 point [25]. As the brake dynamics
are the target of investigation and stick-slip motion may be important, this may not be
an appropriate choice for the numerical model. Thus, using the discontinuous standard
Coulomb law is likely the ideal choice at this time, at least until it is confirmed whether
stick-slip motion is important for the system. And while Ligier notes that a regularised
Coulomb friction law results in more realistic responses in the microslip regime [23], this
is unlikely to be important for the brake dynamics due to the rigid body model that is
used. To summarise, as Stewart aptly states, “the physics points to real discontinuities,
and there is little advantage numerically in smoothing the discontinuity” [22].
The question remains as to how to approach modelling a discontinuous system. Keeping
the system as a single, discontinuous ODE can have mixed success. Employing the use of
standard solvers, such as Runge-Kutta algorithms, leads to numerical chatter around the
discontinuities [22][25]. While specialised solvers have been developed for discontinuous
systems, their use is generally limited due to being computationally expensive as well
as complex [25]. Stewart’s suggested method in [26] and [22] is to structure the system
in order to find piecewise-active solutions to the discontinuous ODE, and then solving
a linear complementarity problem to decide the active contacts and thus the active set.
This method assumes and uses information on the structure of the discontinuities, which
allows it to give higher-order convergence than those of other methods, many of which
are of first-order due to numerical chattering around the discontinuities [26]. However,
for an initial investigation into the effects of the brake friction on the system dynamics,
this method could be considered complex in its execution. The accuracy requirements for
this investigation are not as stringent, as the first goal is to establish if the brakes make
much difference to the piston dynamics.
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The method that was chosen was to separate the discontinuous ODE into each possible
configuration of contacts, such that it resembles a piecewise function, and solve for the
forces that are generated. This was then used in a predictor-corrector solver using Heun’s
method. This ODE solver is identical to the one used in the L1d code. This was explicitly
chosen to both make validation of the model easier, and to reduce the complexity of
rewriting the model into L1d if the brakes were found to have a significant effect.
5.3 Piston Motion
The analysis of the piston motion was based on Hornung’s free-piston driver equations
of motion in [20]. It is assumed that the air reservoir and driver gases behave as ideal
gases. Unless it is otherwise noted, all equations and methods used in this section have
been taken from Hornung [20]. The equations have also been put into the form described
by Gildfind in [2].
Figure 5.2: Stages of operation of a free-piston driver (adapted from [2])
5.3.1 Before Diaphragm Rupture
As shown in Figure 5.2, the piston is initially held in the compression tube, with the rear
face at a distance L from the tube end. The pressure force exerted by the air reservoir
causes the piston to accelerate forward. The air reservoir is assumed to have infinite length
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such that expansion waves in the air, created by the piston acceleration, do not reflect
back downstream to the piston face. Thus, the air behind the piston can be approximated
as an unsteady expansion from zero velocity up to the piston velocity, Vp. The pressure
of the air reservoir acting on the upstream face of the piston can be given by:
PA = PA,0
(
1− γA − 1
2
Vp
aA,0
) 2γA
γA−1
(5.1)
Where PA,0 is the initial pressure of the air reservoir, aA,0 is the speed of sound in air at
the initial conditions, and γA is the ratio of specific heats for air as an ideal gas.
Assuming the piston velocity is well below the speed of sound in the driver gas downstream
of it, then the driver gas pressure can be approximated as steady, isentropic compression,
given as:
PD = PD,0
(
L− Lp
L− Lp − xp
)γD
(5.2)
Where PD,0 is the initial pressure of the driver gas, and γD is the ratio of specific heats
for the driver gas.
Thus, the total pressure force acting on the piston can be stated as:
Fpressure = A (PA − PD) = A
[
PA,0
(
1− γA − 1
2
Vp
aA,0
) 2γA
γA−1 − PD,0
(
L− Lp
L− Lp − xp
)γD]
(5.3)
Hornung’s analysis [20] was based on a number of simplifying assumptions, several of
which have already been noted in this section. Their subsequent consequences will be
expanded upon below using Gildfind’s analysis [2]:
• The air reservoir is assumed to have infinite length such that the expansion waves
do not reflect from the upstream end of the compression tube. There are, however,
cases in which the expansion can reach the upstream end. Gildfind [2] notes that
there are a number of X2 expansion tunnel conditions where the expansion does
indeed reach the upstream end. This causes the air reservoir pressure acting on the
upstream face of the piston to decrease.
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• Any potential sources of pressure loss are neglected. This is the same as assum-
ing that the compression tube and air reservoir share the same constant diameter.
However, many facilities will experience pressure loss in the air reservoir, and also
through the nozzle at the end of the shock tube. For instance, the T4 Stalker tube
features an air reservoir that concentrically wraps around the compression tube and
is of a larger diameter. The air flow is directed through slots to the piston holding
area. This throttles the gas and leads to an overall pressure loss, decreasing the air
reservoir pressure acting on the piston.
• The driver gas was assumed to be under steady isentropic compression. In reality,
the piston transmits a series of compression waves into the driver gas, which results
in an unsteady compression and thus unsteady piston acceleration.
• The inertia inertia force transmitted from the reservoir gas to the piston during
piston deceleration is neglected. During the period when the piston is decelerating
due to the driver gas pressure force being greater than the air reservoir pressure
force, the piston transmits a series of compression waves into the air upstream,
which brings the velocity of the reservoir air to the same velocity as the piston.
The reservoir air must then apply an equal but opposite inertia force to the piston.
As this is neglected, the preceding analysis actually under-predicts the air reservoir
force during this deceleration phase. However, as noted by Gildfind [2], the piston
motion is largely controlled by the driver gas pressure force during this period, so
neglecting this inertia force is estimated to have little effect.
5.3.2 After Diaphragm Rupture
As the piston is decelerating, compression waves are being transmitted into the reservoir
air behind the piston. Hornung [20] assumes that these compression waves converge at the
moment of diaphragm rupture to form a single shock wave that is equivalent to the shock
that would be produced if the piston were to instantly stop at the point of diaphragm
rupture. This has the effect of stagnating the reservoir air, the pressure of which is then
assumed to remain constant for the remainder of the piston stroke. Using subscript R
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to refer to quantities at the moment of diaphragm rupture, the Mach number of the
shock generated can be found by solving the following quadratic equation and taking the
positive solution:
M2R −
(γA + 1)
Vp,R
aA,0
2 + (γA − 1)Vp,RaA,0
MR − 1 = 0 (5.4)
MR =
(γA + 1)
Vp,R
aA,0
4 + 2(γA − 1)Vp,RaA,0
+
14
 (γA + 1)Vp,RaA,0
2 + (γA − 1)Vp,RaA,0
2 + 1

1
2
(5.5)
Then, the pressure of the air reservoir is given by normal shock relations in Hornung’s
analysis [20], which is assumed to remain constant after diaphragm rupture:
PA,R = PA,0
(
1− γA − 1
2
Vp,R
aA,0
) 2γA
γA−1
[
1 +
2γA
γA + 1
(
M2R − 1
)]
(5.6)
The rate of driver gas mass lost to the shock tube is given by:
dm
dt
= −
√
γDPDρD
(
2
γD + 1
) γD+1
2(γD−1) pid2
4
(5.7)
Where d is the diameter of the throat leading to the shock tube. An isentropic relation
between the driver pressure and density is assumed:
PD
PD,R
=
(
ρD
ρD,R
)γD
(5.8)
The density of the driver gas and its mass are related by:
ρ =
4m
piD2(L− Lp − xp) (5.9)
Which also holds for the quantities at the moment of rupture. Substituting Equation 5.9
into Equation 5.8 yields an expression for the driver gas pressure after rupture:
PD
PD,R
=
(
L− Lp − xp,R
mR
)γD ( m
L− Lp − xp
)γD
(5.10)
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Substituting Equation 5.10 into Equation 5.7 yields an expression for the rate of driver
gas mass lost after rupture:
dm
dt
= −
√
piγD
2
(
2
γD + 1
) γD+1
2(γD−1) d2
D
√
PD,R
(
L− Lp − xp,R
mR
) γD
2
(
m
L− Lp − xp
) γD+1
2
(5.11)
The pressure force exerted on the piston can then be found using:
Fpressure = A
[
PD,R
(
L− Lp − xp,R
mR
)γD ( m
L− Lp − xp
)γD
− PA,R
]
(5.12)
Equations 5.11 and 5.12 can then be solved numerically. Like with the analysis for the
piston before diaphragm rupture, this analysis also makes use of a number of simplifying
assumptions that were noted by Gildfind [2]:
• The piston velocity is again assumed to be well below the speed of sound in the
driver gas such that there are no shock waves generated in the driver gas within the
compression tube. This is reasonable for driver gases with a gas constant such as
helium, but may not apply in conditions where the driver gas has large quantities
of argon in the mixture [2]
• The air reservoir pressure is assumed to remain constant after being processed by
a single shock generated from the piston. However, the reservoir pressure would
likely change during the remainder of the piston stroke. It also neglects the effect
of the piston accelerating forward again once the driver gas pressure has dropped
sufficiently.
• The flow through the throat connecting the compression and shock tubes is assumed
to remain sonic. This is reasonable for configurations where the throat diameter is
small enough, and the driver gas pressure is large.
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5.4 Brake Motion
Unlike with the piston dynamics, the equations describing the brake dynamics are largely
the same before and after diaphragm rupture. The case where the brake is pressed against
the rear of the piston groove has already been given in Equation 4.2. When there is no
contact between the rear of the brake and piston groove, as well as no contact between
the brake and tube wall, the brakes are assumed to move with zero friction. The results
in the brakes having zero force applied to them when first sliding up the piston due to
inertia.
When there is friction due to contact between the brakes and tube wall, the system
can be separated into the different configurations of the two contact points. To prevent
problems in the numerical model, rather than checking for a “zero velocity” case, a velocity
tolerance is introduced. The value of this tolerance was chosen to be 10−4. While it could
be considered relatively large, this was needed to eliminate numerical chatter in cases
where the brake sticks. Thus, Equation 4.12 can be redefined as:
Ff =

−sgn(v)|Ff |max if (|v| > vtol
−sgn(Fapplied)|Ff |max if (|v| <= vtol and |Fapplied| >= |Ff |max)
−Fapplied if (|v| <= vtol and |Fapplied| < |Ff |max)
(5.13)
One of the difficulties of this system, however, is that while the compression tube is
considered to be an inertial frame of reference, motion and forces between the brake and
piston are within a non-inertial frame. So special care has to be taken with deciding the
direction of the friction force between the brake and piston. However, problems arise in
the case of both the brake and piston having zero velocity. While the directions seem
simple to find, choosing the magnitude of the friction forces Ff1 and Ff2 (see Figure 4.6)
is the exact opposite. This is noted to be a problem in many friction models with more
than one contact. For example, for a case when both the brake and piston are locked
with zero acceleration, the forces acting on the brake, including friction, must balance
out. However, a problem arises in how the friction forces are bounded in Equation 5.13.
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Specifically, the difficulty lies in choosing what is the applied force for each of the two
friction forces. Choosing either of the friction forces to be used as an applied force in the
other cannot be done, as neither have yet been determined. A possible choice is to choose
Ff2 such that it balances the pressure force acting on the piston, and then equating Ff1
to the sum of Ff2 and FN2,x. However, this is neglecting the possibility that Ff2 cannot
overcome the pressure force on the piston, causing the piston to accelerate. To simplify
this problem, it will be assumed that if both the piston and brake velocities are within
tolerance range, or if the piston has negative velocity, then the piston is assumed to be
locked in place due to the brakes. While this is similar to how the L1d code operates, the
piston-driver model includes all brake dynamics before the lock which is the focus of this
thesis.
When calculating the normal force using Equation 4.7, a non-linear stiffness coefficient k2
is used, given by:
k2 = kv tanh[α(yb − yt)] (5.14)
Where kv is the maximum stiffness coefficient and α is a factor that modifies the stiffness of
the function. This non-constant form of the stiffness coefficient was used to reduce possible
oscillations during brake compression by having a small stiffness for small compression,
and to attempt to include how the brake pad material and aluminium brake body have
different stiffness coefficients. It should, however, be noted that the stiffness coefficient
of the brakes is unknown. A value for kv was chosen by the author that resulted in brake
motion with what was deemed sufficient compression. The normal force FN1 is then found
using:
FN1 = kv tanh[α(yb − yt)](yb − yt) (5.15)
The contact configurations are separated according to velocity at the contact points, and
the generated forces are then resolved. The cases where |Vb| > vtol or |Vb − Vp| > vtol
are easily described by Equation 5.13 with the appropriate normal contact force and
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coefficient of friction used:
|Ff1|max = |FN1µt| (5.16)
|Ff2|max = |FN2µp| (5.17)
For the case where |Vb| <= vtol and |Vb − Vp| > vtol (i.e. resolving the direction of Ff1),
the applied force is calculated as:
Fapplied = Ff2,x + FN2,x (5.18)
For the case where |Vb − Vp| <= vtol and|Vb| > vtol (i.e. resolving the direction of Ff2),
the applied force is calculated as:
Fapplied = −mb × ap + Ff1 + FN2,x (5.19)
Where mb is the brake mass, and ap is the piston acceleration. The product of these two
quantities is to account for the inertial force of the brake relative to the piston during
piston deceleration. Note that the values Ff1, Ff2,x, and FN2,x used in Equations 5.18
and 5.19 are not assumed positive but use the sign convention dictated by Equation 5.13.
For the vast majority of the piston stroke, the brake will have positive velocity with respect
to the tube wall, resulting in a negative Ff1 friction force acting on the brake (using the
standard convention of piston motion left to right being positive). Then, for the two cases
of non-zero brake velocity with respect to the piston, the free-body diagrams for friction
only are illustrated in Figure 5.3.
(a) (b)
Figure 5.3: (a) Vp > 0 and Vb − Vp > 0 and (b) Vp > 0 and Vb − Vp < 0
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A final point to make for this section is that the exact friction coefficient values for the
piston and tube contacts are unknown. Using the material data given by Gildfind in [3],
the piston contact friction coefficient can be conservatively estimated to be 0.1. However,
the friction coefficient for the tube wall contact is largely unknown. This is because the
compression tube of different shock tunnel facilities can be subjected to different condi-
tions. For example, the T4 Stalker tube compression tube interior is lubricated with oil to
prevent detrimental brake pad wear [27]. This would have the effect of significantly reduc-
ing the brake pad material’s stated dry friction coefficient. Furthermore, the coefficient
of friction generally changes with temperature and repeated wear. Thus, it is important
to investigate a range of friction coefficients in order to properly assess the impact of the
brakes on the piston dynamics.
5.5 System Equations of Motion
Combining the analysis results of Sections 4.4, 5.3, and 5.4 allows the ODEs describing
the piston and brake dynamics to be constructed. The piston has the pressure forces
acting on it, as well as a friction force from the seal at the front face, the friction force
Ff2,x (in the opposite direction to that applied to the brake), and the x-component of the
normal force FN2 in the positive direction. For the piston, this yields:
d2xp
dt2
= ap =
1
M
(A× Fpressure + |FN1 tan θ| − Ff2 cos θ + Ff, seal) (5.20)
Where Fpressure is calculated using Equation 5.3 or 5.12 depending on pre- or post-rupture
condition, FN1 is calculated using Equation 5.15, Ff2 is calculated using Equation 5.13
and the appropriate substitutions from Section 5.4 (note the negative sign is to use the
equal but opposite friction force applied to the piston), and Ff,seal is calculated using
Equation 5.13 and substituting:
|Ff,seal|max = |Fpressure × µseal| (5.21)
Fapplied = Fpressure + |FN1 tan θ| − Ff2 cos θ (5.22)
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While for the brake, the ODE is given similarly to Equation 4.13 but with a change in
sign convention due to the new friction definition of Equation 5.13:
d2xb
dt2
= ab =
1
m
(Fc − |FN1 tan θ|+ Ff1 + Ff2 cos θ) (5.23)
Where Fc is calculated using Equation 4.2, and Ff1 is calculated using Equation 5.13 and
the appropriate substitutions from Section 5.4.
Please note that the equations of motion are given in this form due to the piecewise nature
of their components.
5.6 Validation of Brake-Feedback-Free Model
The numerical model to simulate a free-piston driver system was validated against a model
created using L1d. This was done for the base case where brake dynamics do not affect
the piston dynamics. The validation was performed using the T4 Stalker tube geometry
and parameters. L1d was set to exclude viscous effect, pressure loss in the air reservoir,
and heat transfer to the tube walls. However, the front face friction seal was included.
The regular air reservoir length and diameter was used for the L1d model; this was to
demonstrate the effect of the assumptions made in the analysis of Section 5.3. The shock
tube, secondary diaphragm, and dump tank were also modelled in L1d in order to solve
for piston motion after primary diaphragm rupture.
The geometry and ideal gas parameters that were used are presented in Tables 5.1 and
5.2.
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Table 5.1: T4 model geometry parameters
Piston mass 90.4 kg
Piston length 0.470 m
Piston diameter 0.229 m
Compression tube length 26.0 m
Compression tube diameter 0.229 m
Buffer position 25.935
Restricted shock tube entry diameter 0.067 m
Full shock tube diameter (L1d) 0.076 m
Shock tube length (L1d) 11 m
Shock tube gas (L1d) 100% air
Test section nozzle throat (L1d) 0.025 m
Reservoir length (L1d) 4.87 m
Reservoir full diameter 0.442 m
Reservoir gas 100% air
Table 5.2: Ideal gas parameters
Specific heat ratio of air 1.4
Specific heat ratio of argon 1.667
Specific heat ratio of helium 1.667
Individual gas constant of air 287.1 J/(kg K)
Individual gas constant of argon 208 J/(kg K)
Individual gas constant of helium 2077 J/(kg K)
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Six conditions were used in the validation of the model, and are presented in Table 5.3.
These are examples of conditions that have been used in the T4 Stalker tube in the past.
The two extremes of 100% helium driver gas (high speed of sound) and 100% argon driver
gas (low speed of sound) were included, with varying conditions in between.
Table 5.3: Test conditions used for model validation
Condition
Air Reservoir
Pres.
Compression
Tube Pres.
Driver Gas
Composition
(by mass frac.)
Burst Pres.
Shock Tube
Pres.
1 6.9 MPa 80.5 kPa
100% He
75 MPa 33 kPa
2 6.9 MPa 80.5 kPa
59.88% Ar
40.12% He
75 MPa 33 kPa
3 9 MPa 156 kPa
95.41% Ar
4.59% He
72 MPa 240kPa
4 2.4 MPa 40.2 kPa
71.43% Ar
28.57% He
36 MPa 50 kPa
5 2.6 MPa 40.2 kPa
100% Ar
43 MPa 202 kPa
6 6 MPa 80.5 kPa
34.48% Ar
65.52% He
85 MPa 192 kPa
The results of the validation study are shown in the below Figures 5.4 to 5.9.
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Figure 5.4: Brake-free numerical model validation test for condition 1
Figure 5.5: Brake-free numerical model validation test for condition 2
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Figure 5.6: Brake-free numerical model validation test for condition 3
Figure 5.7: Brake-free numerical model validation test for condition 4
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Figure 5.8: Brake-free numerical model validation test for condition 5
Figure 5.9: Brake-free numerical model validation test for condition 6
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In general, the numerical model without brake effects is shown to be in good agreement
with the L1d model. Though, it appears that the numerical model initially underestimates
the piston acceleration, and then later overestimates it. This is due to the assumptions
made on the air reservoir. As Gildfind notes in [2], the assumption of unsteady reservoir
expansion before diaphragm rupture actually underestimates the reservoir pressure, and
the assumption that the reservoir gas is brought to rest by a single reflected shock at
diaphragm rupture overestimates the reservoir pressure.
For conditions 1, 2, and 6, the driver gas has a very high sound speed. Thus, the as-
sumption that compression waves in the driver gas are negligible is reasonable and the
driver gas is well modelled by steady, isentropic compression. However, for conditions 4
and 5, where the driver gas is dominated by argon and has a low sound speed, it can
be seen that the numerical model overpredicts the piston velocity. This is a sign that
the assumptions from Section 5.3 are breaking down. The effects are not extremely sig-
nificant, with a maximum velocity difference between the two models of 10 to 20 m/s.
However, the piston velocity in these two conditions is relatively low, using only a 2.4
MPa initial air reservoir pressure. Increasing this reservoir pressure would lead to higher
piston velocities, and thus leading to a more significant difference. It was expected that
condition 3 would have the worst comparison due to having a high piston velocity and
low driver sound speed. But surprisingly, the two models are in good agreement; however
it is evident that the L1d piston acceleration is not steady due to compression waves in
the driver gas having a significant impact on the driver gas compression.
In summary, the numerical model without brake friction effects appears to behave ap-
propriately excepting cases of large piston velocity and low driver sound speed. Thus, it
should provide a means to establish whether the brakes have a significant effect on piston
motion.
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5.7 Dynamics of Piston-Brake Model
The model was tested for full piston-brake dynamics, using condition 1 for the system.
The results are shown in Figures 5.10 to 5.13.
Figure 5.10: Change in the brake height versus time, using µp = 0.1 and µt = 0.4
Figure 5.11: The relative velocity between the brake and piston versus time, using µp = 0.1
and µt = 0.4
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Figure 5.12: Behaviour of the friction force Ff2x versus time, using µp = 0.1 and µt = 0.4
Figure 5.13: Comparison of the friction feedback on the piston and the piston acceleration
versus time, using µp = 0.1 and µt = 0.4
The brake system behaves largely as expected for this configuration of friction coefficients.
As µt >> µp, the brakes are constantly flung backwards until the piston deceleration
is large enough to counteract this. Alternatively, if µt << µp, the brakes cannot be
sent backwards unless the piston begins to accelerate again. This friction coefficient
configuration is shown in Figures C.1 to C.4 in the Appendix. In terms of numerical
accuracy, there does not appear to be much chatter present in the solutions. This is
due to having a larger velocity tolerance of 10−4. Figure 5.11 and 5.12 demonstrate the
instability of the system due to the friction coefficients configuration.
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5.8 Brake Friction Feedback Investigation
In order to properly assess the impact of the brake dynamics on the piston motion, a range
of friction coefficient values were investigated for the different shock tunnel conditions
given in Table 5.3 for the T4 Stalker tube. The model results with and without brake
friction were compared in order to understand the effects. The difference in velocity at
diaphragm rupture was first investigated, with condition 1 being used.
Figure 5.14: Velocity difference at primary diaphragm rupture for varying µp and µt,
using condition 1
As seen in Figure 5.14, if µp = 0, the model uses the “no brake dynamics” configuration.
The effect of the brakes appears to be an increase in piston velocity at rupture. This
may seem counter-intuitive at first, but when considering the purpose of the brakes — to
prevent motion in the negative direction — the brakes must apply a positive friction force
to the piston while it is decelerating and the brakes are being wedged between the piston
and tube wall. Furthermore, as the value of µt decreases, the velocity difference increases.
This is due to the brake being able to wedge further, undergoing greater compression and
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thus generating a larger friction force.
While µt is largely unknown due to the lubrication of T4 and the fact that different
facilities may use different brake pad materials, µp is likely to range only between 0.05
and 0.1. An intersection in the surface at these two points gives the following plots in
Figures 5.15 and 5.16.
Figure 5.15: Velocity difference at primary diaphragm rupture for µp = 0.05 and varying
µt, using condition 1
Figure 5.16: Velocity difference at primary diaphragm rupture for µp = 0.1 and varying
µt, using condition 1
It can clearly be seen that the brakes result in a minimal increase in piston velocity at
diaphragm rupture for condition 1 (large piston velocity, large driver sound speed). The
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velocity difference post-rupture was also investigated for condition 1, using a value of
µp = 0.1 and varying the value of µt from 0.1 to 0.5. This is shown for Figures 5.17 to
5.21.
Figure 5.17: Velocity difference against piston position µp = 0.1 and µt = 0.1, using
condition 1
Figure 5.18: Velocity difference against piston position µp = 0.1 and µt = 0.2, using
condition 1
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Figure 5.19: Velocity difference against piston position µp = 0.1 and µt = 0.3, using
condition 1
Figure 5.20: Velocity difference against piston position µp = 0.1 and µt = 0.4, using
condition 1
Figure 5.21: Velocity difference against piston position µp = 0.1 and µt = 0.5, using
condition 1
The velocity difference can be seen to increase as the piston approaches the diaphragm.
After diaphragm rupture, the velocity difference proceeds to still increase for a short time,
until it falls slightly — this would be due to the driver gas pressure decreasing as the gas
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flows into the shock tube, allowing the piston to approach positive acceleration. Even
after rupture, it can be seen that the brakes result in a 1.5 m/s increase in velocity at
most, using a small µt value such that the brake is able to wedge further and generate a
larger friction force.
Two similar studies, one using condition 6, and the other using the condition 4 parameters,
but swapping the driver gas composition to that of condition 6, were also performed
(composition change was done to avoid a breakdown in the model’s underlying assumption
noted in Section 5.3). These results are presented in the Appendix as Figures D.1 through
D.10. These two further studies were to check the brake feedback effect for lower piston
velocities. Condition 6 resulted in a 2 m/s increase in piston velocity at most, while the
“new” condition resulted in 1 m/s increase at most.
Given the lack of a significant difference in piston velocity after including the brake dy-
namics and subsequent friction feedback piston dynamics, the model data would appear
to suggest that the brakes have little impact on piston motion. As the effect appears in-
significant, including the brake dynamics model in the L1d code would do little to improve
accuracy, while increasing the computational expense.
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Chapter 6
Conclusion
The aim of this thesis was to determine whether the brakes installed on a piston would
significantly alter the piston dynamics during the operation of the free-piston driver.
To investigate this, the forces active in the piston-brake system were identified, and a
numerical model was developed that could simulate the piston and brake dynamics during
the piston-driver operation at a reasonable accuracy. By analysing a range of friction
coefficient configurations at several shock tunnel conditions, it was found that the brakes
did not significantly alter the piston motion during operation.
A possible further outlet of investigation would be to attempt to validate the results of
this thesis through comparison of the results to those predicted by a dynamics simulation
package that can model friction. Alternatively, experimentation could be performed to
verify the brake dynamics. As the thesis results do not support the original hypothesis, it
is also advisable to pursue a new hypothesis regarding the differences between L1d data
and experimental measurements.
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Appendix A
l script data flow diagrams
Figure A.1: Data flow in the l script process from the initial input parameter file. Adapted
from [14]
Figure A.2: Data flow in the l script process from the initial and generated parameter
files. Adapted from [14]
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Appendix B
Piston schematic
59
DRAWN
CHECKED
ENG APPR
MGR APPR
UNLESS OTHERWISE SPECIFIED
DIMENSIONS ARE IN MILLIMETERS
ANGLES ±X.X°
2 PL ±X.XX 3 PL ±X.XXX
NAME
A.Grainger
DATE
10/28/11 SOLID EDGE
UGS - The PLM Company
TITLE
T4 Piston
SIZE
A2
DWG NO
 
REV
FILE NAME: Piston Updated.dft
SCALE: WEIGHT: SHEET 1 OF 1
REVISION HISTORY
REV DESCRIPTION DATE APPROVED
2
1
3
.
4
±
0
.
0
1
O
2
2
7
.
7
±
0
.
0
5
O
15 55
1
2
5
±
0
.
1
O
1
2
9
±
0
.
1
O
R
1
Mi
nR
1
Min
R 1
1541.5 ±0.01
R
1
60 15
2
1
0
.
2
1
+
0
.
0
2
0
O
SCREW 8 tpi UNS 200 major, 198.05 minor
27
0.2 0.2
Max 0.2 Chamfer
60 11.5 55.02 ±0.01
20.01 ±0.01
5.5
5 ±0.05
5
2
2
7
.
7
±
0
.
0
5
O
129
5
5 ±0.05
9.5
R 4
2
1
3
.
4
+
0
.
0
1
-
0
.
0
2
O
R
1
R
4
1
5
2
.
5
±
0
.
0
1
O
1
8
8
0
-
0
.
0
5
O
177.5°
1
9
4
.
1
±
0
.
0
5
O
2
0
0
.
5
O
1
9
4
.
1
±
0
.
0
5
O
2
1
0
.
2
1
+
0
.
0
2
0
O
Deburr Edge (Typ)
Deburr Edge (Typ)
30
245
25
1
5
°
±
1
0
1
5
°
±
1
0
2
2
7
.
7
±
0
.
0
5
O
58 58
2
0
2
.
5
±
0
.
0
5
O
2
0
2
.
5
±
0
.
0
5
O
Figure B.1: A detailed schematics of the piston used in the T4 shock tunnel [28]
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Appendix C
Piston-brake dynamics secondary
case
Figure C.1: Change in the brake height versus time, using µp = 0.0.35 and µt = 0.2
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Figure C.2: The relative velocity between the brake and piston versus time, using µp =
0.0.35 and µt = 0.2
Figure C.3: Behaviour of the friction force Ff2x versus time, using µp = 0.0.35 and µt = 0.2
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Figure C.4: Comparison of the friction feedback on the piston and the piston acceleration
versus time, using µp = 0.0.35 and µt = 0.2
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Appendix D
Brake friction feedback further
studies
Figure D.1: Velocity difference against piston position µp = 0.1 and µt = 0.1, using
condition 6
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Figure D.2: Velocity difference against piston position µp = 0.1 and µt = 0.2, using
condition 6
Figure D.3: Velocity difference against piston position µp = 0.1 and µt = 0.3, using
condition 6
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Figure D.4: Velocity difference against piston position µp = 0.1 and µt = 0.4, using
condition 6
Figure D.5: Velocity difference against piston position µp = 0.1 and µt = 0.5, using
condition 6
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Figure D.6: Velocity difference against piston position µp = 0.1 and µt = 0.1, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar & 65.52% He
Figure D.7: Velocity difference against piston position µp = 0.1 and µt = 0.2, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar & 65.52% He
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Figure D.8: Velocity difference against piston position µp = 0.1 and µt = 0.3, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar & 65.52% He
Figure D.9: Velocity difference against piston position µp = 0.1 and µt = 0.4, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar & 65.52% He
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Figure D.10: Velocity difference against piston position µp = 0.1 and µt = 0.5, using
PA,0 = 2.4 MPa, PD,0 = 40.2 kPa, PBurst = 36 MPa, and 34.48% Ar & 65.52% He
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Appendix E
Piston-brake numerical model
#------------------------------------------------------------------------------
# PYTHON MODEL TO PREDICT THE PISTON-BRAKE DYNAMICS IN A FREE-PISTON DRIVER
#------------------------------------------------------------------------------
from numpy import tan, sin, cos, radians, sqrt, sign, pi, tanh
def Piston(Pf, Pb, Burst, massf_he, massf_ar, mup, mut, postrup=False):
"""
Function to calculate the piston and brake dynamics
Inputs:
Pf: Initial pressure in front of the piston (driver), Pa
Pb: Initial pressure behind the piston (reservoir), Pa
Burst: Burst pressure of primary diaphragm, Pa
massf_he: Mass fraction of helium in driver gas
massf_ar: Mass fraction of argon in driver gas
mup: piston friction coefficient
mut: tube friction coefficient
postrup: Flags whether dynamcs post-rupture are to be calculated
70
Outputs:
t: Time list
xp: displacement list of piston
vp: Velocity list of piston
ap: Acceleration list of piston
xb: Displacement list of brake
yb: Height list of brake
vbx: Horizontal velocity list of brake
FPiston: Friction feedback on piston list
"""
## Set initial parameters
# Gas properties
# Air reservoir behind piston
gamma_a = 1.4
# Monatmoic driver gas
gamma_h = 1.667
Ra = 287.1 # Gas constant air J/(kg K)
Rhe = 2077 # Gas constant helium J/(kg K)
RAr = 208 # gas constant argon J/(kg K)
T0 = 300 # Initial temperature of all gases, K
a_a0 = sqrt(gamma_a*Ra*T0) # Speed of sound in air
Mhe = 4.0/1000 # Molar mass of helium, kg
MAr = 40.0/1000 # Molar mass of argon, kg
Ru = 8.314 # Universal gas constant, J/mol. K.
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Mm = 1/(massf_he/Mhe + massf_ar/MAr) # Molar mass of mixture, kg
Rdr = Ru/Mm # Individual gas constant of driver, J/mol. K.
##################################
# Tunnel Parameters
L = 26 #m, compression tube length
buffer_pos = 25.935 # m, x position of buffer
r = 0.229/2 #m, compression tube inner diameter,
rstar = 0.067/2 # m, radius of restricted entry to shock tube
# Piston parameters
M = 90.4 #kg, piston mass
A = pi*r**2 #Piston area
Lp = 0.470 #m, length of piston
mu_seal = 0.2 # friction coefficient of piston seal
front_seal_area = 0.0135*0.229*pi
# Brake parameters
m = 0.193 #kg, brake mass
Lb = 0.047 #m, length of brake
Hb = 0.016
k1 = 20*10**6 #horizontal spring stiffness
c1 = 2*sqrt(m*k1) #damping term, critically damped
k2 = 69*10**9 * Lb * 2*pi*r/4 / Hb/2000 #vertical stiffness of brake AE/L
# Groove Dimensions
theta = 7.5 #degrees, slope of piston groove
Ls = 0.058 #m, length of groove
yt = 0.008745 + tan(radians(theta))*Ls #m, maximum depth of groove
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#Initial piston data
# Coordinate system taken to back of piston groove(but in front of spring)
# I.e. piston length before this is ’negative’
x0 = 0 #m, initial piston displacement
v0 = 0 #m/s, initial piston velocity
a0 = (1/M) * ((Pb-Pf)*A - mu_seal*front_seal_area*Pf) #m/s^2
# initial piston velocity
tol = 1e-4 # m/s, tolerance for velocity,
#i.e. whether brake/piston is considered to be stationary
def k2fun(x):
#want to have tanh(x) = 0.95 approx halfway through compression
alpha = 1.8318/0.0002
return k2*tanh(alpha*x)
def ybDis(x):
# Function to determine the yb distance in meters
return tan(radians(theta))*x
def presB(x,u):
#returns pressure behind piston
return Pb*(1-((gamma_a-1)/2.0)*(u/a_a0))**(2*gamma_a/(gamma_a-1))
def presF(x):
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#returns pressure in front of piston
xval = L-Lp-x
return Pf*((L-Lp)/xval)**gamma_h
def accel(w):
# f is friction between brake and piston
x,u,f,Fn=w
# Check if using zero friction parameters
if f==0:
Fn=0
# Calculate pressure force
pressure_force = A*(presB(x,u)-presF(x))
#Calculate piston seal friction
friction_force = mu_seal*front_seal_area*presF(x)
if u > tol:
# moving forward, apply forces with seal friction negative
return 1/M * (pressure_force - friction_force+f+Fn)
elif u < -tol:
# moving back, apply seal friction positive
return 1/M * (pressure_force + friction_force+f+Fn)
else:
# Must be stationary
# if pressure is larger than friction, apply difference
# else remain stationary
if abs(pressure_force+Fn) > abs(f)+friction_force:
# Pressure force dominates, apply difference
if pressure_force > 0.0:
return 1/M * (pressure_force - friction_force+f+Fn)
else:
return 1/M * (pressure_force + friction_force+f+Fn)
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else:
# friction dominates, so stay
return 0
def accel2(w):
# Piston acceleration after rupture
x, u, mdrv, Fn, f = w
# Set the global variables calculated at rupture
global u_r, x_r, p_r, P_Ar, m_r
# Check if using zero friction parameters
if f==0:
Fn=0
# Calculate pressure force
pressure_force = A*(-p_r*((L-Lp-x_r)/m_r)**(gamma_h)*\
(mdrv/(L-Lp-x))**(gamma_h) + P_Ar)
#Calculate piston seal friction
friction_force = mu_seal*front_seal_area*p_r*\
((L-Lp-x_r)/m_r)**(gamma_h)*(mdrv/(L-Lp-x))**(gamma_h)
if u > tol:
# moving forward, apply forces with seal friction negative
return 1/M * (pressure_force - friction_force+f+Fn)
elif u < -tol:
# moving back, apply seal friction positive
return 1/M * (pressure_force + friction_force+f+Fn)
else:
# Must be stationary
# if pressure is larger than friction, apply difference
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# else remain stationary
if abs(pressure_force+Fn) > abs(f)+friction_force:
# Pressure force dominates, apply difference
if pressure_force > 0.0:
return 1/M * (pressure_force - friction_force+f+Fn)
else:
return 1/M * (pressure_force + friction_force+f+Fn)
else:
# friction dominates, so stay
return 0
def brake1(w):
# contact between brake and piston groove back
# spring system used to model contact
# Inputs: Xbrake, Xpiston, Ubrake_x, Upiston
Xb, Ubx, Xp, Up = w
a = (-k1*(Xb-Xp) - c1*(Ubx-Up))/m
# return ubx, uby, abx, aby
return [a, 0]
dt = 10**-7 # initial time step size
tol_burst = 1 # Pa, tolerance for diaphragm burst pressure
# pre-allocated derivative lists for piston
DxDt = [0, 0]
DVDt = [0, 0]
# pre-allocated derivative lists for brake
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DxDtb = [0, 0]
DVxDtb = [0, 0]
# Pre-allocated list of friction feedback
Ffpiston = [0, 0]
# Lists
t = [0]
#Piston
xp = [x0]
vp = [v0]
ap = [a0]
#Brake
xb = [x0]
yb = [0]
vbx = [v0]
FN1 = [0]
FN2 = [0]
FN2x = [0]
FF1 = [0]
FF2x = [0]
FPiston = [0] # Friction force imparted on piston by brake.
#I.e. "friction feedback"
# Initiate "old" variables
Xp0 = xp[-1]
Vp0 = vp[-1]
Xb0 = xb[-1]
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Yb0 = yb[-1]
Vbx0 = vbx[-1]
Xp = Xp0
Vp = Vp0
Xb = Xb0
Yb = Yb0
Vbx = Vbx0
# Set flags
cont = 1
is_burst = 0
print(’Commencing run’, flush=True)
while cont==1:
if xp[-1]+Lp>=buffer_pos:
# If piston is past the end of the tube, end
break
# Define normal and friction force values in case we need them before
# they exist
Fn1 = 0
Fn2 = 0
Fnx = 0
Ff1 = 0
Ff2x = 0
for i in range(2):
Ff2x = 0
Ffpiston[i] = 0
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# To find brake velocity deriavtive (acceleration)
# Check different motion cases
# This allows us to separate it from a discontinuous ODE
# to several continuous ODEs
# Compute derivatives from previous time-step
DxDt[i] = Vp
DxDtb[i] = Vbx
DVDt[i] = accel([Xp, Vp, 0, 0])
# This is our first time-level run, check for motion case
# I.e. i=0
if Xb > Xp:
# no contact with spring system
if Yb+Hb <= yt:
# no contact with tube wall
# Calculate brake acceleration vector
DVxDtb[i] = 0
else:
# Contact must be made with the tube wall
# Check for different friction cases
if abs(Vbx)<tol:
# Friction case: brake velocity is zero wrt tube wall
# normal force on top of brake
Fn1 = k2fun(Yb+Hb-yt)*(Yb+Hb-yt)
# normal component underneath the brake due to Fn1
Fn2 = Fn1/cos(radians(theta))
# x component of Fn2
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Fnx = -Fn2*sin(radians(theta))
# Now check for brake velocity wrt piston
if (Vbx-Vp)>tol:
#Friction case: positive (non-zero) relative
#brake velocity
# frictional forces
Ff2 = Fn2*mup #friction between brake and piston,
#in x and y dir
Ff2x = -Ff2*cos(radians(theta))
# Calculate applied forces
Fapplied = Ff2x + Fnx
if abs(Fapplied) >= Fn1*mut:
Ff1 = -sign(Fapplied)*Fn1*mut
else:
Ff1 = -Fapplied
DVxDtb[i] = (Fnx + Ff1 + Ff2x)/m
DVDt[i] = accel([Xp, Vp, -8*Ff2x, -8*Fnx])
Ffpiston[i] = -8*Ff2x
#print(’pos’)
elif (Vbx-Vp)<-tol:
#Friction case: negative (non-zero)
#relative brake velocity
# frictional forces
Ff2 = Fn2*mup #friction between brake and piston,
#in x and y dir (tangent to slope)
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Ff2x = Ff2*cos(radians(theta))
# Calculate applied forces
Fapplied = Ff2x + Fnx
if abs(Fapplied) >= Fn1*mut:
Ff1 = -sign(Fapplied)*Fn1*mut
else:
Ff1 = -Fapplied
DVxDtb[i] = (Ff1+Ff2x+Fnx)/m
DVDt[i] = accel([Xp, Vp, -8*Ff2x, -8*Fnx])
Ffpiston[i] = -8*Ff2x
else:
# We can assume the piston and brake get stuck,
#and end the simulation
print(’Piston is stuck with brakes engaged’,
flush=True)
break
else:
# Brake has nonzero velocity wrt tube wall
if (Vbx-Vp)>tol:
#Friction case: positive (non-zero) relative brake
velocity
# normal force on top of brake
Fn1 = k2fun(Yb+Hb-yt)*(Yb+Hb-yt)
# normal component underneath the brake due to Fn1
Fn2 = Fn1/cos(radians(theta))
# x component of Fn2
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Fnx = -Fn2*sin(radians(theta))
# frictional forces
Ff1 = -sign(Vbx)*Fn1*mut #friction between brake and
tube, entirely in x direction
Ff2 = Fn2*mup #friction between brake and piston, in
x and y dir
Ff2x = -Ff2*cos(radians(theta))
DVxDtb[i] = (Fnx + Ff1 + Ff2x)/m
DVDt[i] = accel([Xp, Vp, -8*Ff2x, -8*Fnx])
Ffpiston[i] = -8*Ff2x
#print(’pos’)
elif (Vbx-Vp)<-tol:
#Friction case: negative (non-zero) relative brake
velocity
#Calculate in loop to check for motion
# normal force on top of brake
Fn1 = k2fun(Yb+Hb-yt)*(Yb+Hb-yt)
# normal component underneath the brake due to Fn1
Fn2 = Fn1/cos(radians(theta))
# x component of Fn2
Fnx = -Fn2*sin(radians(theta))
# frictional forces
Ff1 = -sign(Vbx)*Fn1*mut #friction between brake and
tube, entirely in x direction
Ff2 = Fn2*mup #friction between brake and piston, in
x and y dir (tangent to slope)
Ff2x = Ff2*cos(radians(theta))
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DVxDtb[i] = (Ff1+Ff2x+Fnx)/m
DVDt[i] = accel([Xp, Vp, -8*Ff2x, -8*Fnx])
Ffpiston[i] = -8*Ff2x
else:
#We have abs(Vbx0-Vp0)<tol, so zero movement
#Vbx0 = Vp0
DxDtb[i] = Vp
#Still have normal forces applied, and friction
preventing movement
# normal force on top of brake
Fn1 = k2fun(Yb+Hb-yt)*(Yb+Hb-yt)
# normal component underneath the brake due to Fn1
Fn2 = Fn1/cos(radians(theta))
# x component of Fn2
Fnx = -Fn2*sin(radians(theta))
# frictional forces
Ff1 = -sign(Vbx)*Fn1*mut #friction between brake and
tube, entirely in x direction
Ff2 = Fn2*mup #friction between brake and piston, in
x and y dir (tangent to slope)
Ff2x = Ff2*cos(radians(theta))
# Pseudo-force acting on brake
# Doesn’t need the 8* because already applied in
list entries
Fprime = -m*ap[-1]
Fapplied = Fprime + Ff1 + Fnx
if abs(Fapplied) >= Fn2*mup*cos(radians(theta)):
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#print(’Applied force greater than friction’,
flush=True)
# Applied force overcomes friction
Ff2x = -sign(Fapplied)*Fn2*mup*cos(radians(theta))
DVxDtb[i] = (Ff1+Ff2x+Fnx)/m
DVDt[i] = accel([Xp, Vp, -8*Ff2x, -8*Fnx])
Ffpiston[i] = -8*Ff2x
else:
# Friction force balances the applied force
#print(’Applied force less than friction’,
flush=True)
Ff2x = -Fapplied
# No relative acceleration, so it matches piston
accel
DVxDtb[i] = accel([Xp, Vp, -8*Ff2x, -8*Fnx])
DVDt[i] = accel([Xp, Vp, -8*Ff2x, -8*Fnx])
Ffpiston[i] = -8*Ff2x
else:
# Contact must be made with the spring system
W = brake1([Xb, Vbx, Xp, Vp])
DVxDtb[i] = W[0]
#------------------------------------------------------------------
if i==0:
# PREDICTOR STEP
Xp = Xp0 + dt*DxDt[0]
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Vp = Vp0 + dt*DVDt[0]
Xb = Xb0 + dt*DxDtb[0]
# Check that brake isn’t too far forward inside piston
if Xb > Xp+Ls-Lb:
Xb = Xp+Ls-Lb
Yb = ybDis(Xb-Xp)
Vbx = Vbx0 + dt*DVxDtb[0]
Ap = DVDt[0]
#------------------------------------------------------------------
# CORRECTOR STEP
if i == 1:
Xp = Xp0 + 0.5*dt*(DxDt[0]+DxDt[1])
Vp = Vp0 + 0.5*dt*(DVDt[0]+DVDt[1])
Ap = 0.5*(DVDt[0]+DVDt[1])
Xb = Xb0 + 0.5*dt*(DxDtb[0]+DxDtb[1])
# Check that brake isn’t too far forward inside piston
if Xb > Xp+Ls-Lb:
Xb = Xp+Ls-Lb
Yb = ybDis(Xb-Xp)
Vbx = Vbx0 + 0.5*dt*(DVxDtb[0]+DVxDtb[1])
FrictionFeedback = 0.5*(Ffpiston[0]+Ffpiston[1])
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#------------------------------------------------------------------
# Check if piston is going backwards
# if it is, end simulation as brakes would engage
if Vp < 0:
print(’Piston velocity is negative, brakes engaged’, flush=True)
break
# Check if the diaphragm has burst:
if presF(Xp) > Burst:
if abs(presF(Xp)-Burst) < tol_burst:
is_burst = 1
cont = 0
print("Diaphragm has burst", flush=True)
# Increment time step
t.append(t[-1]+dt)
# Pass on new values
Xp0 = Xp
Vp0 = Vp
Xb0 = Xb
Yb0 = Yb
Vbx0 = Vbx
xp.append(Xp)
vp.append(Vp)
ap.append(Ap)
xb.append(Xb)
yb.append(Yb)
vbx.append(Vbx)
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FPiston.append(FrictionFeedback)
break
else:
# Reduce timestep and repeat from last step
dt = dt/2
Xp = Xp0
Vp = Vp0
Xb = Xb0
Yb = Yb0
Vbx = Vbx0
else:
# Continue as normal
# Increment time step
t.append(t[-1]+dt)
# Pass on new values
Xp0 = Xp
Vp0 = Vp
Xb0 = Xb
Yb0 = Yb
Vbx0 = Vbx
xp.append(Xp)
vp.append(Vp)
ap.append(Ap)
xb.append(Xb)
yb.append(Yb)
vbx.append(Vbx)
FPiston.append(FrictionFeedback)
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# Now calculate piston and brake dynamics after primary diaphragm rupture
if postrup==True:
if is_burst == 1:
# Calculate the properties at the rupture time
u_r = Vp
x_r = Xp
t_r = t[-1]
n_r = len(xp)-1 # record position of rupture point just in case
needed later
a_r = Ap
p_r = presF(x_r)
# Now using Hornung’s equations, calculate the reflected shock
behind
# the piston
M_r = (gamma_a+1)*(u_r/a_a0)/(4+2*(gamma_a-1)*(u_r/a_a0)) + \
(0.25*((gamma_a+1)*(u_r/a_a0)/(2+(gamma_a-1)*\
(u_r/a_a0)))**2+1)**0.5
# Calculate the pressure behind the piston using Hornung
P_Ar = Pb*(1-(gamma_a-1)/2 * u_r/a_a0)**(2*gamma_a/(gamma_a-1)) * \
(1+2*gamma_a/(gamma_a+1) * (M_r**2-1))
# Calculate the mass of the driver gas at rupture
m_r = Pf/(Rdr*T0)*(L-Lp)*A
m_drv = m_r
# Change in mass with time at rupture
dm = -sqrt(pi*gamma_h)/2 *
(2/(gamma_h+1))**((gamma_h+1)/(2*(gamma_h-1))) * \
(2*rstar)**2/(2*r) * sqrt(p_r)*((L-Lp-x_r)/m_r)**(gamma_h/2)*\
(m_drv/(L-Lp-Xp))**((gamma_h+1)/2)
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#Revise piston acceleration for rupture
#d2x = pi*r**2/M *
(-p_r*((L-Lp-x_r)/m_r)**(gamma_h)*(m_drv/(L-Lp-Xp))**(gamma_h)
+ P_Ar) + 1/M * (-sign(u_r)*Ff + Ffpiston[-1])
#ap[-1] = d2x
d2x = accel2([x_r, u_r, m_r, 0, 0])
print(’Previous acceleration is ’, a_r, flush=True)
print(’New acceleration is ’, d2x, flush=True)
global u_r, x_r, p_r, P_Ar, m_r
# Reset flag
cont = 1
# Reset dt for computation time’s sake
dt = 10**-8
while cont==1:
if xp[-1]+Lp >= buffer_pos:
print(’Piston has crashed into tube end’, flush=True)
break
m_drv0 = m_drv
for i in range(2):
Ffpiston[i] = 0
# Check motion cases:
if Xb > Xp:
# No contact with rear of groove
if Yb+Hb <= yt:
# No contact with tube wall
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DxDt[i] = Vp
DxDtb[i] = Vbx
DVxDtb[i] = 0
DVDt[i] = accel2([Xp, Vp, m_drv, 0, 0])
else:
# There’s contact with the wall
if abs(Vbx)<tol:
# Friction case: brake velocity is zero wrt tube
wall
# normal force on top of brake
Fn1 = k2fun(Yb+Hb-yt)*(Yb+Hb-yt)
# normal component underneath the brake due to Fn1
Fn2 = Fn1/cos(radians(theta))
# x component of Fn2
Fnx = -Fn2*sin(radians(theta))
# Check for different friction cases with piston
if (Vbx-Vp)>tol:
#Friction case: positive (non-zero) relative
brake velocity
# frictional forces
Ff2 = Fn2*mup #friction between brake and
piston, in x and y dir
Ff2x = -Ff2*cos(radians(theta))
# Calculate applied forces
Fapplied = Ff2x + Fnx
if abs(Fapplied) >= Fn1*mut:
Ff1 = -sign(Fapplied)*Fn1*mut
else:
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Ff1 = -Fapplied
DxDt[i] = Vp
DxDtb[i] = Vbx
DVxDtb[i] = (Fnx + Ff1 + Ff2x)/m
DVDt[i] = accel2([Xp, Vp, m_drv, -8*Fnx,
-8*Ff2x])
Ffpiston[i] = -8*Ff2x
elif (Vbx-Vp)<-tol:
#Friction case: negative (non-zero) relative
brake velocity
# frictional forces
Ff2 = Fn2*mup #friction between brake and
piston, in x and y dir (tangent to slope)
Ff2x = Ff2*cos(radians(theta))
Fapplied = Ff2x + Fnx
if abs(Fapplied) >= Fn1*mut:
Ff1 = -sign(Fapplied)*Fn1*mut
else:
Ff1 = -Fapplied
DxDt[i] = Vp
DxDtb[i] = Vbx
DVxDtb[i] = (Ff1+Ff2x+Fnx)/m
DVDt[i] = accel2([Xp, Vp, m_drv, -8*Fnx,
-8*Ff2x])
Ffpiston[i] = -8*Ff2x
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else:
# We have abs(Vbx0-Vp0)<tol, so zero movement
# We can assume the piston and brake get
stuck, and end the simulation
print(’Piston is stuck with brakes engaged’,
flush=True)
break
else:
# Brake has nonzero velocity wrt tube wall
# Check friction cases
if (Vbx-Vp)>tol:
#Friction case: positive (non-zero) relative
brake velocity
# normal force on top of brake
Fn1 = k2fun(Yb+Hb-yt)*(Yb+Hb-yt)
# normal component underneath the brake due
to Fn1
Fn2 = Fn1/cos(radians(theta))
# x component of Fn2
Fnx = -Fn2*sin(radians(theta))
# frictional forces
Ff1 = -sign(Vbx)*Fn1*mut #friction between
brake and tube, entirely in x direction
Ff2 = Fn2*mup #friction between brake and
piston, in x and y dir
Ff2x = -Ff2*cos(radians(theta))
DxDt[i] = Vp
DxDtb[i] = Vbx
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DVxDtb[i] = (Fnx + Ff1 + Ff2x)/m
DVDt[i] = accel2([Xp, Vp, m_drv, -8*Fnx,
-8*Ff2x])
Ffpiston[i] = -8*Ff2x
elif (Vbx-Vp)<-tol:
#Friction case: negative (non-zero) relative
brake velocity
#Calculate in loop to check for motion
# normal force on top of brake
Fn1 = k2fun(Yb+Hb-yt)*(Yb+Hb-yt)
# normal component underneath the brake due
to Fn1
Fn2 = Fn1/cos(radians(theta))
# x component of Fn2
Fnx = -Fn2*sin(radians(theta))
# frictional forces
Ff1 = -sign(Vbx)*Fn1*mut #friction between
brake and tube, entirely in x direction
Ff2 = Fn2*mup #friction between brake and
piston, in x and y dir (tangent to slope)
Ff2x = Ff2*cos(radians(theta))
DxDt[i] = Vp
DxDtb[i] = Vbx
DVxDtb[i] = (Ff1+Ff2x+Fnx)/m
DVDt[i] = accel2([Xp, Vp, m_drv, -8*Fnx,
-8*Ff2x])
Ffpiston[i] = -8*Ff2x
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else:
#We have abs(Vbx0-Vp0)<tol, so zero movement
#Vbx0 = Vp0
DxDt[i] = Vp
DxDtb[i] = Vp
#Still have normal forces applied, and
friction preventing movement
# normal force on top of brake
Fn1 = k2fun(Yb+Hb-yt)*(Yb+Hb-yt)
# normal component underneath the brake due
to Fn1
Fn2 = Fn1/cos(radians(theta))
# x component of Fn2
Fnx = -Fn2*sin(radians(theta))
# frictional forces
Ff1 = -sign(Vbx)*Fn1*mut #friction between
brake and tube, entirely in x direction
Ff2 = Fn2*mup #friction between brake and
piston, in x and y dir (tangent to slope)
Ff2x = Ff2*cos(radians(theta))
# Pseudo-force acting on brake
# Doesn’t need the 8* because already applied
in list entries
Fprime = -m*ap[-1]
Fapplied = Fprime + Ff1 + Fnx
if abs(Fapplied) >=
Fn2*mup*cos(radians(theta)):
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# Applied force overcomes friction
Ff2x =
-sign(Fapplied)*Fn2*mup*cos(radians(theta))
DVxDtb[i] = (Ff1+Ff2x+Fnx)/m
DVDt[i] = accel2([Xp, Vp, m_drv, -8*Fnx,
-8*Ff2x])
Ffpiston[i] = -8*Ff2x
else:
# Friction force balances the applied force
Ff2x = -Fapplied
# No relative acceleration, so it matches
piston accel
DVxDtb[i] = accel2([Xp, Vp, m_drv, -8*Fnx,
-8*Ff2x])
DVDt[i] = accel2([Xp, Vp, m_drv, -8*Fnx,
-8*Ff2x])
Ffpiston[i] = -8*Ff2x
else:
# Contact must be made with the spring system
DxDt[i] = Vp
DxDtb[i] = Vp
W = brake1([Xb, Vbx, Xp, Vp])
DVxDtb[i] = W[0]
DVDt[i] = accel2([Xp, Vp, m_drv, 0, 0])
#------------------------------------------------------------------
if i==0:
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# PREDICTOR STEP
Xp = Xp0 + dt*DxDt[0]
Vp = Vp0 + dt*DVDt[0]
Ap = DVDt[0]
Xb = Xb0 + dt*DxDtb[0]
# Check that brake isn’t too far forward inside piston
if Xb > Xp+Ls-Lb:
Xb = Xp+Ls-Lb
Yb = ybDis(Xb-Xp)
Vbx = Vbx0 + dt*DVxDtb[0]
m_drv = m_drv + dm*dt
#------------------------------------------------------------------
# CORRECTOR STEP
if i == 1:
Xp = Xp0 + 0.5*dt*(DxDt[0]+DxDt[1])
Vp = Vp0 + 0.5*dt*(DVDt[0]+DVDt[1])
Ap = 0.5*(DVDt[0]+DVDt[1])
Xb = Xb0 + 0.5*dt*(DxDtb[0]+DxDtb[1])
# Check that brake isn’t too far forward inside piston
if Xb > Xp+Ls-Lb:
Xb = Xp+Ls-Lb
Yb = ybDis(Xb-Xp)
Vbx = Vbx0 + 0.5*dt*(DVxDtb[0]+DVxDtb[1])
FrictionFeedback = 0.5*(Ffpiston[0]+Ffpiston[1])
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if Vp <= 0.01:
if abs(Vp) <= 0.01:
# Piston can be considered stopped, cease simulation here
print(’Piston velocity negative, brakes engaged’,
flush=True)
cont = 0
# Increment timestep
t.append(t[-1]+dt)
# Append data values
xp.append(Xp)
vp.append(Vp)
ap.append(Ap)
xb.append(Xb)
yb.append(Yb)
vbx.append(Vbx)
FPiston.append(FrictionFeedback)
break
else:
# Piston has velocity is too negative
# Reduce timestep and repeat from the last step
print("Velocity still negative", flush=True)
print("Vp: ", Vp, flush=True)
print("Xp: ", Xp, flush=True)
print("mass driver: ", m_drv, flush=True)
dt = dt/2
Xp = Xp0
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Vp = Vp0
Xb = Xb0
Yb = Yb0
Vbx = Vbx0
m_drv = m_drv0
else:
# Continue as normal
# Increment timestep
t.append(t[-1]+dt)
# Pass on new values
Xp0 = Xp
Vp0 = Vp
Xb0 = Xb
Yb0 = Yb
Vbx0 = Vbx
# Append data values
xp.append(Xp)
vp.append(Vp)
ap.append(Ap)
xb.append(Xb)
yb.append(Yb)
vbx.append(Vbx)
FPiston.append(FrictionFeedback)
dm = -sqrt(pi*gamma_h)/2 * (2/(gamma_h+1))**((gamma_h+1)\
/(2*(gamma_h-1))) * (2*rstar)**2/(2*r) *\
sqrt(p_r)*((L-Lp-x_r)/m_r)**(gamma_h/2)*\
(m_drv/(L-Lp-Xp))**((gamma_h+1)/2)
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#print(p_r*((L-Lp-x_r)/m_r)**(gamma_h)*(m_drv/(L-Lp-Xp))**(gamma_h))
return t, xp, vp, ap, xb, yb, vbx, FPiston
if __name__ == ’__main__’:
t, xp, vp, ap, xb, yb, vbx, FPiston = Piston(80.5e3, 6.9e6, 75e6, 1.0,
0.0, 0.1, 0.4)
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#------------------------------------------------------------------------------
# PYTHON MODULE TO PERFORM DATA ANALYSIS
#------------------------------------------------------------------------------
from numpy import tan, radians, interp, linspace, zeros, arange, meshgrid,
loadtxt
import matplotlib.pyplot as plt
from matplotlib import cm
import operator
import multiprocessing
from PistonBrakev04 import Piston
# Re state some variables for calculation
L = 26
Lp = 0.470
gamma_h = 1.667
Hb = 0.016
theta = 7.5
Ls = 0.058
yt = 0.008745 + tan(radians(theta))*Ls
def run_sim(param):
# used later on for multiprocessing of solutions
# Inputs a tuple of two parameters
# p = mup
# t = mut
# calculations piston and brake dynamics, then finds piston velocity at
# diaphragm rupture and returns value
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p, t = param
print(’p = ’, p, ’. t = ’, t, flush=True)
t, xp, vp, ap, xb, yb, vbx, FPiston = Piston(Pf, Pb, Burst, massf_he,
massf_ar, p, t)
x_rupture = L-Lp-(L-Lp)/(Burst/Pf)**(1/gamma_h) # Piston location at
diaphragm rupture
# Assumes driver isentropic
compression
Vrupture = interp(x_rupture, xp, vp)
return Vrupture
if __name__ == ’__main__’:
Pb = 2.4e6
Pf = 40.5e3
Burst = 36.0e6
massf_he = 0.6552
massf_ar = 0.3448
buffer_pos = 25.935
if 1:
# Checking velocity difference for entire piston stroke
plist = [0.0, 0.1, 0.1, 0.1, 0.1, 0.1]
tlist = [0.0, 0.1, 0.2, 0.3, 0.4, 0.5]
xplist = []
vplist = []
vpdiff = []
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for i in range(len(plist)):
mut = tlist[i]
mup = plist[i]
t, xp, vp, ap, xb, yb, vbx, FPiston = Piston(Pf, Pb, \
Burst, massf_he, massf_ar, mup, mut, True)
xplist.append(xp)
vplist.append(vp)
x = linspace(0, 26, 10000)
for i in range(len(plist)):
vpdiff.append(interp(x, xplist[i], vplist[i]) -\
interp(x, xplist[0], vplist[0]))
for i in range(len(vpdiff)):
plt.figure()
plt.plot(x, vpdiff[i])
plt.xlabel(’Position in compression tube, m’, fontsize=16)
plt.ylabel(’Velocity Difference, m/s’, fontsize=16)
plt.title(r’Velocity difference compared to no brake friction’ \
’\n’ r’$\mu_p={}$, $\mu_t={}$’.format(plist[i], tlist[i]),
fontsize=18)
plt.grid(True)
plt.show()
if 0:
# Surface plot for different mut and mup
plist = arange(0, 0.11, 0.05)
tlist = arange(0, 0.51, 0.01)
plist_ = []
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tlist_ = []
X, Y = meshgrid(plist, tlist)
n = len(plist)
n2 = len(tlist)
for i in range(n2):
for j in range(n):
plist_.append(X[i,j])
tlist_.append(Y[i,j])
params = zip(plist_,tlist_)
pool = multiprocessing.Pool()
results = pool.map(run_sim, params)
vplist = zeros((n2,n))
k = 0 # counter to iterate through results list
for i in range(n2):
for j in range(n):
vplist[i,j] = results[k]
k = k+1
# Now find the difference compared to the [0][0] entry, i.e. no
friction
vplist = vplist - vplist[0][0]
fig = plt.figure()
ax = fig.add_subplot(111, projection=’3d’)
ax.plot_surface(X, Y, vplist, rstride=1, cstride=1, alpha=0.5,
cmap=cm.BuPu)
ax.set_xlabel(r’$\mu_p$’, fontsize=18)
ax.set_ylabel(r’$\mu_t$’, fontsize=18)
ax.set_zlabel(’Velocity difference, m/s’, fontsize=14)
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ax.set_title(’Velocity Difference at Rupture’, fontsize=18)
plt.show()
if 0:
# Validation study against L1d data
print(’Performing validation study’, flush=True)
run1 = loadtxt(’piston_p0_1.dat’)
run2 = loadtxt(’piston_p0_2.dat’)
run3 = loadtxt(’piston_p0_3.dat’)
run4 = loadtxt(’piston_p0_4.dat’)
run5 = loadtxt(’piston_p0_5.dat’)
run6 = loadtxt(’piston_p0_6.dat’)
runs = [run1, run2, run3, run4, run5, run6]
n = []
for i in range(len(runs)):
runs[i][:,1] = runs[i][:,1] - Lp/2
n.append(len(runs[i][:,1]))
Pb_list = [6.9e6, 6.9e6, 9.0e6, 2.4e6, 2.6e6, 6.0e6]
Pf_list = [80.5e3, 80.5e3, 156e3, 40.2e3, 40.2e3, 80.5e3]
Burst_list = [75.0e6, 75.0e6, 72.0e6, 36.0e6, 43.0e6, 85.0e6]
massf_ar_list = [0.0, 0.5988, 0.9541, 0.7143, 1.0, 0.3448]
massf_he_list = [1.0, 0.4012, 0.0459, 0.2857, 0.0, 0.6552]
xp_list = []
vp_list = []
for i in range(len(runs)):
t, xp, vp, ap, xb, yb, vbx, FPiston = Piston(Pf_list[i], \
Pb_list[i], Burst_list[i], massf_he_list[i], massf_ar_list[i], \
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0.0, 0.0, postrup=True)
xp_list.append(xp)
vp_list.append(vp)
for i in range(len(runs)):
plt.figure()
plt.plot(xp_list[i], vp_list[i], ’r-’)
plt.hold(True)
plt.plot([runs[i][q,1] for q in range(n[i]) if runs[i][q,2]>1e-3], \
[runs[i][q,2] for q in range(n[i]) if runs[i][q,2]>1e-3], ’b-’)
plt.axvline(x=buffer_pos-Lp, color=’k’, linestyle=’--’)
plt.title(’Piston velocity vs. position’)
plt.xlabel(’Displacement, m’)
plt.ylabel(’Velocity, m/s’)
plt.legend([’Model’, ’L1d’, ’Buffer’], loc=2)
plt.grid(True)
plt.hold(False)
plt.show()
if 0:
# Plotting systems dynamics
t, xp, vp, ap, xb, yb, vbx, FPiston = Piston(Pf, Pb, Burst, \
massf_he, massf_ar, 0.35, 0.2, postrup=True)
plt.figure()
plt.plot(t,xp)
plt.title(’Piston Displacement’, fontsize=16)
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plt.xlabel(’Time seconds’, fontsize=14)
plt.ylabel(’Distance meters’, fontsize=14)
plt.grid(True)
plt.figure()
plt.plot(t,vp)
plt.title(’Piston Velocity’, fontsize=16)
plt.xlabel(’Time seconds’, fontsize=14)
plt.ylabel(’Speed m/s’, fontsize=14)
plt.grid(True)
plt.figure()
plt.plot(t,ap)
plt.title(’Piston Acceleration’, fontsize=16)
plt.xlabel(’Time seconds’, fontsize=14)
plt.ylabel(’Acceleration m/s^2’, fontsize=14)
plt.grid(True)
plt.figure()
plt.plot(t,xb)
plt.title(’Brake Displacement’, fontsize=16)
plt.xlabel(’Time seconds’, fontsize=14)
plt.ylabel(’Distance meters’, fontsize=14)
plt.grid(True)
plt.figure()
plt.plot(t,vbx)
plt.title(’Brake Velocity’, fontsize=16)
plt.xlabel(’Time seconds’, fontsize=14)
plt.ylabel(’Speed m/s’, fontsize=14)
plt.grid(True)
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plt.figure()
plt.plot(t,list(map(operator.sub, xb, xp)))
plt.title(’Brake Relative Displacement’, fontsize=16)
plt.xlabel(’Time seconds’, fontsize=14)
plt.ylabel(’Distance meters’, fontsize=14)
plt.grid(True)
plt.figure()
plt.plot(t,[i+Hb for i in yb], t, [yt for i in yb], ’r’)
plt.title(’Brake Height’, fontsize=16)
plt.xlabel(’Time seconds’, fontsize=14)
plt.ylabel(’Height meters’, fontsize=14)
plt.grid(True)
plt.figure()
plt.plot(t,list(map(operator.sub, vbx, vp)))
plt.title(’Brake Relative Velocity’, fontsize=16)
plt.xlabel(’Time seconds’, fontsize=14)
plt.ylabel(’Velocity m/s’, fontsize=14)
plt.grid(True)
plt.figure()
plt.plot(t, [-FPiston[i] for i in range(len(FPiston))])
plt.xlabel(’Time s’, fontsize=14)
plt.ylabel(’Force N’, fontsize=14)
plt.title(’Friction Force Ff2x’, fontsize=16)
plt.grid(True)
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f, axarr = plt.subplots(2, sharex=True)
axarr[0].plot(t, FPiston)
axarr[0].grid(True)
axarr[0].set_ylabel(’Force, N’, fontsize=14)
axarr[1].set_xlabel(’Time, s’, fontsize=14)
axarr[0].set_title(’Frictional Feedback on Piston and Piston
Acceleration’, fontsize=16)
axarr[1].plot(t, ap)
axarr[1].grid(True)
axarr[1].set_ylabel(’A, m/s^2’, fontsize=14)
plt.show()
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